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One of the aims in gamma ray spectroscopy is the 
determination of the energies and the intensities of 
gamma transitions emitted from a radioactive isotope 
or from a nuclear level populated in a nuclear reaction. 
It also attenqjts to establish the genetic relations 
among the gamma rays to determine unambiguously the 
positions of energy levels and their cascade modes of 
decay. Precise information of energies and intensities 
along with the data of coincidence relations of gamma 
rays leads to uniciue level schemes in many cases. Such 
studies with a Ge(Li) detector and Nal(£L) scintillation 
detectors ttsed for gamma ray energy measurements and to 
establish the deexcitation modes of nuclear levels were 
rindertaken in the present study* Eie decay schemes of 
^^"^Nd, ^^Rh and ^^Zn were studied to 

arrive at the level sdiomes of ^^^In, 



and re^ectlveiy. !13ie ganana decay measurements on 

tlie 992 and 1261 keV resonances of ^'^Al(p,Y)^®Si were also 
carried out. 

'Ph fi first chapter forms a general introduction. The 
importance of different detector assemblies is discussed. 

The methods of the present investigation are pointed out. 

A brief discussion of the problems of the present study 
follows. 

Ohaptec II provides, the experimental details of the 
present investigation. OJhe characteristics of the radiation 
detectors are presented. The coincidence assemblies are 
described. A detailed description of 12ie aim-coincidence 
set-up and the discussion of the origin of fictitious 
cascades in sum— coincidence spectra is also givai. Lastly, 
the target holding systems used for the experiments with the 
2 MV Van de Graaff accelerator are described. 

Ganana decay measurements of Ba isotope foimi the 
subject matter of Oiapter III. Two recent investigations 
on the dec^ of using sum- coincidence assemblies, 

are far from consistent. 53ie existence of a few gamma rays 
has been in dispute. Sum-coincidence and Ge(Li) spectra 
measurements were carried out to resolve these discrepancies* 

A recent investigation on the decay of ^^*^Nd indicated 
several new gamma transitions and levels, unlcnown earlier. 



Chapter 17 describes 1iie measurements carried out to arrive 

147 

at an unambiguous dec^ scheme of Nd. !Ehe present study 
of the decay of ^^^^Cd, not well understood f 2 ?om the measure- 
ments of earlier workers, is described in Chapter 7. 


QQ 

Chapter 71 describes the studies of the Rh decay 
(16.1 days), motivated to establish the cascade relations 
of gamma rays of the decay. Detailed calculations of the 
level structure of ^^Ru are not available in literature. 
Systematics of odd A Ru and Mo nuclear levels are conpared 
to offer a few qualitative comments on the level structure 
of ^^Ru. 


33ae structure of ^^Cu levels has been studied by many 
nuclear reactions and also from the decay of 38.4 minute 
activity of ^^Zn. She structure has also been the subject 
of many theoretical investigations. !Ehe agreement between 
the theory and experiment is rather unsatisfactory. Besides, 
the two recent investigations of this decay differ in many 
details. Chapter 7II describes the study of this decay, 
with an attenpt to resolve the discrepancies. A possible 
test for the core-excitation model from the knowledge. of 
ft values of the population to the core-mult iplet members 
in the nuclear beta decay is proposed and the explicit 
calculation is shown in the Appendix. OIhe same teat is 
applied to the mult iplet in ^^Cu and the results are 
discussed. 
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Although the 992 and 1261 ke¥ resonances in 
27 28 

'A1(p,y) Si have been extensively studied with scintil- 
lation detectors, the recent measurements with Gre(Li) 
detectors disagree about the population of certain levels. 

An atteupt is made, in the present investigation, to clarify 
these doubts with the help of singles and coincidence 
measurements. Chapter VIII deals with the details of 
measurements and results. A few performance tests of the 
newly installed 2 MV Van de Graaff accelerator carried out 
to establish the stability, reproducibility etc. of proton 
beam, are also described in Chapter VIII. 



CHAPTER I 
INTRODUCTION 


Nuclear spectroscopy conceras the study of proper- 
ties of nuclear levels, vtoich constitute the measurements 
of the properties of nuclear radiations, emitted from than. 
One needs to measure the energies and intensities of the 
radiations and also their angular distributions and 
polarization properties to determine the positions of 
the energy levels, their modes of deexcitations, ^ins 
and parities. The first aspect of such studies is to 
locate the nuclear energy levels. This is done from the 
studies of the nuclear disintegration processes, in vhich 
the levels of interest are populated. It can either be a 
nuclear reaction study or the study of induced radio- 
activities. The artificial radioactivities can be produced 
either in a reactor or by using a particle accelerator. 

Each disintegration study of the present investigation 
involved either one of these processes. The gamma ray 
studies, a najor branch of nuclear ^ectroscopy, was the 
method of investigation of this work. 

The first stage of these gamma rays ^^ectroscopic 
studies is to measure the gamma ray energies. Before the 
advent of Ge(Di) detectors, Nal (TL) scintillation detec- 
tors were "the best ones available for these measurements. 
But due to their poor energy resolution, it was always a 
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difficult problem to identify the gamma rays properly, 
especially for closely separated transitions, fhe Ge(lii) 
detectors have practically revolutionized the gamma fay 
spectroscopy due to the order of magiitude in^jrovement 
in energy resolution, fhis has made precise determina- 
tion of energies and intensities of gamma rays possible. 
However, the gamma rays of low intensities still escape 
detection, especially when th^ are submerged in the 
compton baci^round of gamma rays of larger intensities. 
Anticompton spectrometers, vdiich make use of a Ge(li) 
detector enclosed in a large scintillation detector, 
decrease the compton background from the spectra and 
help to identify the gamma rays of low intensities. !l!he 
removal of compton background is, of course, not complete. 
lEhe expenditure and the amount of efforts needed to 
optimize the performance of such an assembly are perhaps 
not worthwhile in view of the very limited amoiint of 
additional information obtainable from them. 

Even if the total number of gamma rays emanating 
from the nuclear levels are Imown, one can hope to get 
a reasonable information about the energy levels from 
these simple measurements only when the number of gamma 
rays are not many. However, in general, the number of 
levels being populated are themselves many and the 
various possible modes of deexcitation of each level 
produce numerous gamma transitions. A data of gampaa ray 
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energies can, in many cases, be explained by various 
combinations of energy levels. To establish the level 
scheme unambiguously, further knowledge of genetic rela- 
tions of gamma rays is, thei^fore, necessary. lEiis 
information is obtainable from the measurements of gamma 
ray coincidence spectra. Prom the consideration of energy 
resolutions, a coincidence assembly of two (JeCLi) detectors 
is most desirable. But the detection efficiency of the 
system is so low, that such a spectrometer results in 
unduly long data collection times. When one undertakes 
coincidence measurements one, therefore, naturally prefers 
scintillation detector assemblies, as long as energy 
resolution is not of primary concern. If good energy 
resolution is essential, the measurements have to be 
done by replacing one or both of the scintillation 
detectors by Gre(M) detectors. 

!3!he true/chance coincidence ratio of a coincidence 
assembly is a measure of its superiority. iEhe assemblies 
with poor ratios do not provide meaningful spectra. This 
ratio is equal to 1/2 tH, where 2t is the time resolution 
of the coincidence assembly and N is the radioactive 
source strength. Slow coincidence systems, with large 2 t, 
result in poor true/chance ratios. Strong radioactive 
sources cannot be used with these systems- However, for 
linearity of energy response, one has to retain 1310 slow 
coincidence systems. These conflicting requirements are 
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satisfied in fast-i^ow coincidence assemblies. In these 
systems, the true/chance coincidence ratios are governed 
by the fast sections with shorter resolving times and the 
energy information is retained in the slow sections. !I 7 he 
fast-slow ^sterns, which are conventional by now, provide 
the genetic relations of the gamma rays and ^so reduce 
the Compton background to some extent by not recording 
the spectra of gamma 2?ays non— coincident with the gamma 
3:^ays of gate settings. However, the compton background 
of the gamma rays in coincidence, is still troublesome. 

The sum— coincidence technique proves more useful in the 
decay scheme studies, as it provides the data of genetic 
relations of gamma rays and also removes the con^jton back- 
ground to a fairly large extent. In favourable cases, the 
removal of compton background is almost complete. It, thus, 
helps to esiablish weak branching modes of deexcitation pf 
nuclear levels. 

The above considerations indicate that the meaaire- 
ments of the radiations with a Gre(li) detector along with 
the results of coincidence measurements provide, in most 
of the cases, unambiguous level schemes. ¥ith this point 
of view, the present studies made use of a G-e(Iii) detector 
coincidence systems with Sal (EL) scintillation 
detectors. A sum-coincidence set up, incorporating the 
fast— slow coincidence condition, was assembled for the 
present measurements. ¥ery extensive use was made of 



these two assemblies. In some cases, conventional fast- 
slow coincidence spectrometers were also used. 

35ie following general procedure was adopted in the 
present investigations of the decay schemes: Pirst stage 
of the study was the measurement of G-e(li) detector spectra. 
The spectra were recorded in expanded energy scales to 
obtain precise energies and intensities of gamma r^s. 
^ectra were measured over regular periods of time to 
assign the decay rate of each gamma rsy. This was neces- 
sary to make sure that the gamma rays being considered do 
really have their origin in the isotope of interest and 
are not from any impurity. In many cases, peaks due to 
the presence of impurities were observed. However, they 
were identified and taken into account during the analysis 
of the data. 

The second stage was the measurement of coinci- 
dence spectra. The sum-coincidence spectrometer was mostly 
used for this purpose. In each study » spectra were recorded 
with several gate settings, to obtain all possible genetic 
relations. A decay scheme, in each case, was arrived at 
with the help of results from these two sets of measure- 
ments. 

Problems of the Present Study 

The following problems were investigated .during 


the present studies 
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i) Os level scheme : Horen al . measured the 

131 

internal conversion spectra of the decay of 3a 
and proposed a level scheme. Later studies of 
Eucarova et al. report two new ganma rays of 
506 and 563 keV gamma ray energies. The sum- 

3 

coincidence studies of Murthy ^ al. and Mangal 
et al. ^ disagree on the existence of 969 keV gamma 
ray. Besides, Mangal ^ al. report a new gamma 
transition. Our measurements aim at resolving 
these discrepancies. 

ii) ^^'^Nd decay i In the study of this dec^, Bashandy 
et al. reported several new gamma transitions and 
levels from the measurements of electron spectra 
with an iron free double focussing spectrometer, 
which was disturbing. It was felt that there is a 
need to study the decay scheme to examine the 
situation. 

iii) IlSfflg^ decay : Visweswara Rao et al. ^ investigated 
this decay scheme with a sum-coincidence spectro- 

*7 

meter and Graeffe ^ al. studied it with a Ge(Li) 
detector. OOhese two reports disagree about the 
existence of a few levels and transitions. Bor 
example, the 650 and 1560 keV levels observed by 
Rao ^ al were not observed by Graeffe ^ al. 

In stead, Graeffe ^ aJL. proposed a new level at 
828 keY. Eie measurements of the present study 
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aim at clarifying these doubtful aspects. 

i'v) Bh decay : Very limited amount of information is 
available on the genetic relations of the gamma rays, 
arising from this decay. IDhe present stuc^ was aimed 
at providing a firm basis for the decay scheme, with 
the help of coincidence measurements. Furthermore, 
the level structure of ^^Ru is also not well under- 
stood from theoretical point of view. A qualitative 
description of the systematics of odd A Mo and Ru 
nuclei was, therefore, attempted. 

^Zn decay : !I!he two recent investigations of the 
decay disagree in details. 3!he existence of many 
gamma rays is controversial. !IIhe present stuc^y was 
carried out to resolve these discrepancies. An 
attempt is also made to test the applicability of 
core-excitation model for this nucleus. 

28 

vi) Si resonances : In spite of many investigations on 

27 28 

the 992 keV resonance decay in 'A1 (p,y) Si reaction, 

certain aspects of this decay are still not understood. 

For example , the existence of 10.27 level has been 

in doubt. Similarly, the 1261 keV resonance decay 

8 

reported by Meyer et differs from the reports 

9 

of Gibson ^ al . in details. The present measure- 
ments were aimed at examining these aspects. 
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CHAPTER II 


EXPERIMENTAL DETAILS 


11. 1 Introduction 

In the present investigation, an extensive use was 
made of Nal (TL) scintillators, Ge(Li) detectors and dif- 
ferent types of coincidence arrangements with these 
detectors. Por precise energy definition of gamma rays 
and their intensity evaluations, Ge(Li) detectors were 
used. In the coincidence set-ups, generally Nal(Tl) 
scintillation detectors were preferred because of their 
higher efficiencies. However, for some measurements it 
was found necessary to use Ge(Li) detector at least as one 
of the detectors in coincidence system, where better energy 
resolution was needed. 

11. 2 Detectors 

The excellent energy resolution of Ge(Li) detectors, 
which is an order of magnitude better than the scintil- 
lation detectors, give accuracies in energy measurements 
which could previously be obtained only with bent crystal 
spectrometers. Ihe 6e(Li) detectors are, therefore, 
generally used for precise energy and intensity assign- 
ments of gamma rays. 

The Ge(Li) detector, used in the present studies, 
is of 4.2 c.c. effective volume. It is a planar diode of 
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7 mm depletion depth. It has the energy resolution 
FWHM = 3 keV at 662 ke? gamma energy. She relative 
photopeak efficiency curve for a fixed source to detector 
geometry was determined upto 2 Me? gamma energies. Standard 
calibration sources, procured from the International Atomic 
Energy Agency [IAEA, Vienna], were used in the measurement. 
The efficiency cu 2 ?ve is shown in Pig. 2.1. 

Gansna ray spectra were recorded with sources of 
different strengths to measure the change in the position 
of photopeak with source strength, due to pile up effects. 

The variation was found to be negligibly small , being about 
.02^, vhen the countrates were changed by a factor of 10 
from 10^ to 10^ counts per second. The energy calibration 
for the later experiments were, however, done at about the 
same counting rates as in the actual experiment. The most 
commonly used calibration standards are listed in Table 2,1. 
Internal calibrations, 'udienever possible, were used as a 
check over the external calibrations, 

Por intensity assignments, gamma ray spectra were 
measured in the same source to detector geometry, as was 
used in the determination of relative photopeak efficiency 
of the detector. The measured photopeak sareas were corrected 
for the relative efficiencies of detection. The intensities, 
thus meaaired, were normalized with respect to a specific 
gaasna iray of the stpectrum. 
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Table 2.1. Energy 

Calibration Standards 

Radioactive 

isotope 

Energy of the 
Y-ray (ke¥) 

241. 

Am 

59.543 


121.97 


145.43 


279.17 


511.006 


661.59 


834.85 

CO 

897.96 


1115.44 

“co 

1173.226 

22„ 

Na 

1274.53 

60„ 

Co 

1332.48 

88y 

1836.08 


(a) 


Taken from Tatole of isotopes (1967 Edition) by 
C.M. Lederer, J.M. Hollander and I. Perlman, 
page 561* 
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II. 3 Coincidence Measurements 

!Elie meai^rements using a single detector will only 
provide the energies and intensities of different gamaa 
rays emitted from an isotope. To know the genetic rela- 
tions among the gammas, time coincidence measurements are 
necessary. A coincidence set up is of finite resolving 
time (2t), such that two events in the detectors separated 
hy less than the time 2t, are recorded as coincident. QSie 
finite resolving time also gives rise to undesirable random 
coincidences. The choice of the resolving time and the 
source strength are made to optimise the tme/chance 
coincidence ratio. 


If a source of strength N is used, then the countrate 
of each detector is 








and the genuine coincidence rate is 


“true = 


(2.1a) 

(2.1b) 

( 2 . 2 ) 


where e^, Sg are the efficiencies of rhe detectors 

are the solid an^es subtended by the source on 
the two detectors respectively and Ng are the observed 
contrates in the two detectors. 

The accidental coincidence rate is given by 

»=hanoa = 


( 2 . 3 ) 
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The ratio true/chance coincidence is 


■¥: 


true 


1 

2tN 


(2.4) 


chance 

The experiment aims at maximizing this ratio. So 
2 tN should be as small as possible. It can be achieved 
by using coincidence units of very ^ort resolving times 
and sufficiently weak radioactive sources. Use of .weak 
sources results in prolonged data collection times, 
vdiich are undesirable. Very short resolving time for 
coincidence systan also result in the loss of detection 
efficiency. So an optimum condition should be arrived at. 


The fast-slow coincidence spectrometers solve this 
problem quite satisfactorily. The energy processing 
section of the assembly is a ^ow type, retaining the 
linearity of response. The time processing section is 
of fast type, vdiich essentially decides the true/chance 
ratios of the set up. Finally slow coincidence is sou^t 
between the fast section and slow section, thus retaining 
both energy and time information. This assembly is very 
useful, as reasonably strong sources can be used without 
loosing any information. 


In the present investigation, two coincidence set 
ups incorporating the fast-slow coincidence condition were 
used. The same are described in the following sections. 
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II. 4 &e (11) -Hal (in) fast-slow Coincidence Assembly 

A fast-slow coincidence assembly with two Gre(li) 
detectors would have been much favoured in gamma ray 
spectroscopy, but for the low efficiency of detection. 

A Gre(li)-NaI(!El) fast-slow coincidence system is a good 
compromise due to -the fact that it is superior to NaI(!EL)- 
Hal(!EL) i^stem in energy resolution and to Ge(li)-(^(li) 
systoE in the efficiency of detection. A GeCLi)-HaI(!I3.) 
fast-slow coincidence assembly is set up to derive the 
advantages of the system. 

Ihe block diagram of the system is shown in Fig. 
2.2. The 4.2 c.c. Ge(li) detector, the characteristics 
of which are described earlier, was used as one of the 
detectors. A Nal(!EL) crystal of 4.4 cm diameter and 5 cm 
thickness was moimted on a 56 AVP photomultiplier tube. 
!Ehis forms the second detector of the assembly. The 
anode pulses of the scintillation detector were clipped 
to get the risetime tr — 15 nsec and width T - 150 nsec. 
The linear pulses were drawn from the eighth dynode. 

linear pulses carrying the energy information are 
the only output pulses available from the'Ge(li) detector. 
To achieve good timing and also energy information, the 
detector output is simultaneously fed to a time pickoff 
unit and a linear aH 5 )lifier. The output of time pickoff 
tmit is fhrther processed in a time pickoff control unit. 



Ge(Li) 



FIG.2.2 Ge(Li)-NaI(TlJ 
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The fast pulses from pickoff control are stretched to a 
width of 40 nsec in a pulse shaper circuit. The output 
of pulse shaper forms one input of the fast coincidence 
circuit. The anode pulse of the Nal(Tl) detector is 
discriminated against the noise and the output of the 
discriminator is of 40 nsec width. It forms the other 
input for the fast coincidence circuit. 

The linear pulses from Kal(Tl) detector feed simul- 
taneously a strobed single channel analyzer and also a 
crossover pickoff iinit. The single channel analyzer is 
used in external strobing mode, with the output pulses of 
crossover pickoff unit as its strober pulses. The output 
pulse of crossover pickoff unit is generated when the 
input pulse crosses from a positive to a negative value. 

The discriminator of crossover pickoff unit is set at 
the point on the output pulse from the amplifier, having 
minimum walk as a flinction of amplitude. This arrangement 
minimizes the variation in the timing of output pulses 
from single channel analyzer. 

The output pulses from sin^e channel analyaer are 
shaped in a pulse shaper unit. The output of it is an 
input to the slow coincidence circuit. The fast coincidence 
output is delayed to match in time with the single channel 
analyzer output and stretched to a width of .5 p-s. The 
stretched pulses form the other input of the slow coinci- 
dence circuit. Both -the input pulses of the slow coincidence 
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circuit are of 0.5 |is width. She coincidence circiiit, 

"being of overlapping type, is of time resolution 2 t = 

1 p,sec. The output of the slow coincidence circuit is 
leaped to meet the requirements of the gate pulse of 
multichannel analyzer. The output pulses of the linear 
amplifier are properly delayed in time and used as the 
input to multichannel analyzer. 

Thus, the 6e(Li) spectra in coincidence with the 

selected gamma -ray in the Hal(Tl) detector are recorded 

on multichannel analyzer. Energy calihrations of the set 

up are done as described in the earlier sections. The 

system was found to operate quite satisfactorily with 

true/chance ratio of the order of 50, for the spectrum 

22 

recorded with the ladioactive isotope Na, energy 
gating being at 511 keV, strength of the source being 
a few micro curies. 

II. 5 Sum-coincidence Set-up 

The sum-coincidence technique^ provides a n^ans 
of studying the genetic relations in complicated gamma 
cascades and the spectra obtained are more or less free 
of comp ton background. The technique consists of demanding 
an extra condition to be met by the pulses from the two 
detectors used in coincidence set-up that the sum of the 
two pulses i^ould always add up to the energy of a level 
Tidiose decay characteristics are being investigated. The 
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aattiff technique can, of course, be used to study the cascades 
between two levels, say and Eg by demanding the sum of 
the two pulses to be equal to the energy 

A. Description of the technique ; The block diagram of 
a sum-coincidence spectrometer in its simplest foim is 
shown in Big. 2.3. The linear signals from the two 
detectors are siimmed in a ’Linear-Adder’ circuit. The 
single channel analyzer is used to set the energy window 
on the sum pulse. Thus the output from the single channel 
analyzer comes only when the sum of the two pulses is 
equal to the energy of interest, ^ich is the energy of 
the level being investigated or the difference between 
two energy levels between vhich cascades are to be studied. 
The energy spectrum from one of the detectors is analyzed 
on a mialti channel analyzer, gated with the sum window. 

IHie spectrum, thus recorded, consists of only the photo- 
peaks of gamma rays corresponding to the different cascade 
modes of decay in the selected energy region. 

The operational principles of the set-up can be 
illustrated by considering a sin^ile decay scheme shown in 
Big. 2.4. It consists of two lev^s at and Eg, with 
three gaim&a rays of energies Eg, Eg—Ej^ and E^^. To study 
this decay scheme by the present technique, one makes use 
of a two detector assembly. !l!he linear outputs of the two 
detectors are perfectly matched in ^ape and size to achieve 
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the same energy calibration and proper sunming of the 
pulses. The pulses, thus matched, are linearly sunmed 
in an adder circuit, the output of which is used for 
energy selection. To study the decay modes of level Eg, 
the energy selection is mde to accept pulses corresponding 
to energy Eg + 6E. The linear spectrum from one of the 
detectors is scanned on a multichannel analyzer, which 
is gated with the pulses of energy selection. The energy 
condition can he satisfied only when either Eg spends its 
entire energy in the detector recording the spectrum or 
both of E^ and Eg-E^. their total energy in either of 

the detectors. The spectrum observed on multichannel 
analyzer, therefore, shows only three full energy peaks 

-E^ energies, their comp ton 
and other portions of the spectrum being absent. 


corresponding to Eg, Ej^ and Eg 


The two detectors employed are carefully made 
identical in all respects. So the detection efficienq?" 
of a particular event is same for both the detectors, 
let us assume that a gamma ray the complementary 

gamma ray Y 2 detected with the efficiencies and 
respectively. The recording of spectrum corres- 

ponds to the detection of y^ in one ciystal and yg in the 
other. Similarly, recording of yg corresponds to liie 
detection of Yg in the former and y^^ in the latter. Thus, 
the efficiency of recording y^ and yg is same and is 
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proportional to the product of efficiencies of detection 
for individual gamma raiys, ^1^2* clear that 

both the event and its complementary event are recorded 
with the same efficiency. This results in the same area 
for a gamma ray peak as is for its complementary gamma ray 
peak. 


In sum-coincidence spectra, the \Aridth of a photopeak 
is same as in the single spectra, (i.e., without coincidence 
requirement) for wide window settings. As the window set- 
ting is narrowed down fhrther and further, the width of the 
peaks becomes smaller and smaller. In the limiting case of 
very small window widths, the width of the peak corresponding 
to a particular cascade gamma becomes same as that of its 
complementary peak. !I!his can be understood quantitatively 
as follows. The widths of the two complementary gamma ray 
peaks in sum- coincidence spectrum are given by the expres- 
sions; 




2 +r 
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1 * s 


2s 




( 2 . 5 ) 


( 2 . 6 ) 


where F'j.s ^2s widths of the two gamma rays 

in a particular sum-coincidence spectrum. 

and are the widths of the same g amma , rays in single 
spectrum, without any coincidence requirement and ’P* is 
sum-window width. 
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In the limiting case where P-j^ andpg 



©lus, the complementary peaks, observed in the 
sum-coincidence spectra with very narrow window settings 
are of equal width. However, in practice, the window 
setting is never kept so narrow because of the loss of 
efficiency. One has to choose a window setting to compro- 
mise between the energy resolution and efficiency. 

As seen above, in this simple version of the spec- 
trometer, the recorded spectrzim shows sum peak besides the 
peaks corresponding to cascade modes. Hhe origins of the 
sum peak are the following: 

i) A crossover transition of the level being 
considered, 

ii) summing of both the gamma ray events in the 
same crystal, recording the spectru, and 

iii) accidental coincidences. 

Furthermore, since this simple sum-coincidence 
arrangement requires a good linear sunBEing circuit, which 
can only be achieved by slow pulses, it is clear from the 
discussion of section II. 3 that the true/chance ratio 
obtainable from such an arrangement cannot be good. How- 
ever, this difficulty can be solved by incorporating an 
additiongQ. fast coincidence requirement (as discussed in 
section II. 3). 
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B. Description of the spectrometer : 33ie sum-coincideace 
spectrometer, with fast-slow coincidence condition, set up 
for our measurements is shown in Pig. 2.5 and the details 
are given below: 

!i?wo NaI{!El) crystals of 4.4 cm diameter and 5 cm 
thickness each coupled to a 56 AVP photomultiplier tube, 
are used as the detectors. As explained earlier , it is 
essential that the linear pulses from the two detectoi® 
are identical in shape. !Eo achieve this, two carefully 
matched bleeder circuits were assembled for the two photo- 
multipliers and linear pulses are drawn from the ei^th 
dynode of each detector. Potentiometric arrangements are 

made to adjust the pulse shapes. OJhe pulses are further 

♦ 

amplified in linear amplifiers, \diich also have the provi- 
sion of adjusting the shapes of the output pulses. Olhe 
gains of the pulse shaping amplifiers are adjusted to have 
the same energy calibration for both the detectors. She 
pulses are then linear added up in an adder circuit. The 
adder circuit is a linear signal mixer [EG-«SbiG, AH 100 ] . 

It is a current surming unit, including an operational 
anplifier and an impedance matching circuit. Shis sumaed 
pulse is then fed to a crossover pickoff unit and also to 
a strobed single channel analyzer (SSCA). She SSGA is 
externally strobed with the outi»t pulses from the cross- 
over pickoff unit. She external strobing is done to 
eliminate the time jitter effects, described in the earlier 
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section. The output of the single channel analyzer is 
properly shaped and used as one of the inputs to the slow 
coincidence circuit. 

Fast coincidence is sought between the anode pulses 
of the two detectors. The anode pulses are clipped to get 
the rise time t^«^15 nsec and width T ^ 150 nsec. The fast 
coincidence circuit being of overlapping type, the input 
pulses of 15 nsec give the fast resolving time 2x = 30 nsec. 
The fast clipping of anode pulses produces problon of multiple 
triggering in the discriminator. To solve this problem of 
multiple triggering, two fast discriminators are used in 
series for each detector. The output of the first discri- 
minator is 100 nsec wide. It is RC differentiated with a 
time constant RC = 2 nsec. The negative part of the dif- 
ferentiated pulse tri gg ers the second discriminator, with 
output width adjusted to 15 nsec. This arrangement solves 
the problem of multiple triggering. A fast resolving time 
of 2x = 30 nsec is achieved. 

As seen earlier, the smaller the resolving time, 
better is the true/chance coincidence ratio. But very amall 
resolving times result in the reduction of true coincidence 
counts. Moreover, for shorter resolving times, the percentage 
Jitter is more and thus even aaaall variation in timing will 
be troublesome. It is found that for our present set-up the 
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50 nsec resolving time makes the system free from the 
above two limitations. 

The output pulses of the fast coincidence circuit 
are stretched to a width of 0.5 [is and are delayed to 
match the timing with the single channel analyzer ouput 
pulses. The properly shaped single channel analyzer output 
and fast coincidence output make the two inputs required 
for the ^ow coincidence. Both the inputs being of 0.5 tis 
width, the resolving time of the iS-ow coincidence circuit 
2t = 1 ps. ©le output of slow coincidence circuit is 
shaped to match the requirements of gate pulse of multi- 
channel analyzer. 

The dynode output of one of the detectors after 
amplification, is delayed to match the timing with the 
gating pulse and is analyzed on multichannel analyzer, in 
the coincidence mode. 

C. Performance ; The perfomance of the set-up was 
checked with the spectra recorded for gamma radiation from 
the radioactive isotopes of °^Co and '^Na separately. The 
pulses corresponding to 2.5 Me? and 1.785 Me? with a window 
width of 50 ke? were accepted in the single channel analyzer 
respectively. In each case, true/chance ratio of better 
than 100 was achieved. The spectra recorded with these 
two sources are shown in Pigs. 2.6 and 2.7- In the decay 
of ^®Co, 2.5 Me? level of ^Hi is populated, vhich gets 
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deexcited by emitting two gasma rays of energies 1.17 and 

1.33 MeV. !Qie sum-coincidence spectriUB clearly shows two 

well resolved ('**5^) peaks at 1.17 and 1.33 MeV energies, 

the countrate in the other channels being negligible. In 

the decay of ^^Sa, 1.275 Me7 level of ^^Ne is populated, 

resulting in the emissim of 1.275 MeY gamma rsy. She 

2P 

positron decay of Ha gives rise to two annihilation 
quanta, udiich aire in time coincidence with the 1.275 HeY 
g amma ray. Thus, the spectrum of ^^a recorded with gate 
at 1.785 MeY shows two peaks corresponding to energies 
0.511 and 1.275 MeY. The s\im-co incidence spectrum dearly 
shows these two peaks and very smeQl countrate in the other 
channels (peals/base * 100 ). To ensure that there is no 
asymmetry, the detectors were interchanged to check Ihat 
the spectrum obtained is independent of the choice of one 
or the other detector in the spectrometer. To make sure 
that electronic drifts of the system are insignificant, 
the stability of the set-up was checked over periods of 
50 hours. During this period, ihe stability of calibra- 
tion of each detector, the fast tri^er cut off positions, 
the single channel analyzer window position and the time 
delays are checked periodically. OIhe overall shifts are 
found to be negligibly small so that the recorded spectra 
do not ^ow any observable distortion. 
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D. rictitious cascades and their elimination ; In sum- 
coincidence experiments, any wrong sum window setting can, 
obviously, give rise to fictitious cascades and lead to 
erroneous conclusions regarding the deexcitation process. 
(Etius, one has to be very carefbl in choosing and correctly 
setting the desired sum window. Moreover, presence of 
excited states at energies higher than the level under 
investigation can also give rise to fictitious cascades, 
due to the possibility of obtaining the sum pulse of 
correct amplitude through the addition of a comp ton 
scattered gamma originating from higher energy gammas, 
and a photoelectrically absorbed gamma of low energy. 

Let us consider the decay scheme shown in Fig. 2.8 
to elaborate the photo-compt on sumning effects. It consists 
of levels at E^, E 2 and E^ vdiich can give gamma rays of 
energies E^, E 
gating the decay modes of level E^ by setting window at 
E^ + 6E, then the photopeaks at energies and Eg are 

expected. Similarly, in the investigation of level Eg* 
peaks corresponding to energies Eg-B^ and E^ are e 3 ?pected. 
But it might so happen that the E^-Eg gamma ray spends its 
entire energy in one detector and Eg interacts by compton 
effect in the other detector, spending a part of its energy 
such that 

E™— Eg + Eg = Eg (2.8a) 

^ ^compt 


,-Eg, Eg, Eg-E^ and E^. If one is investi- 




FIG. 2.8 DECAY SCHEME TO EX?LA..\ FICTITIOUS 
CASCADES 
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or = 2E„-E, f or Eo> E,/i (2.8l>) 

^compt ^ ^ ^ 

So one would observe four peaks in the sum-coincidence 
spectrum with sum gate set at energy Eg, which would be at 
energies Eg-E^, E^, ®3”®2 2Eg-E^. !Ehus, one can be led 

to assign two different cascade modes of decay of level at 
Eg, whereas in reality only one cascade mode is present. 

This warrants for a very careful analysis of the spectra. 

Even when one is investigating the highest level, 

one should make sure that the selection of the sum window 

is exact. If not, fictitious cascades of different origin 

can arise. For exangile, in the inve. ;igation of the decay 

of level E^, if the gate is set at E^ + 6E such that 

El E,, then there will be two possibilities. One is that 
3 ^ 

the gamma ray of energy E^-Eg may get added with the compton 
scattered gamma originating from Eg to give the sum E^, 
that is 

E- - Eo + Eo = e’ (2.9a) 

^ ^compt ^ 

or Ep = E* - (E--Ep) (2.9b) 

‘^compt ^ ^ ^ 

and the second alternative is that the gamma ray with energy 
Eg may get added with the compton scattered gamta ray of 
energy E^-Eg to give the sum of E^, that is 

- =2)oompt = S (2.10a) 

or (B, - ^ 
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Thus, the sxim-coincidence spectriun will show peaks corres- 
ponding to energies E2, S^-CE^-Eg) and (E^-Eg) and 

would lead once again to the conclusion of two different 
cascade modes of decay. But a careful analysis can prevent 
erroneous conclusions, because the sum of the complementary 
gasma ray energies would, now, be E^ in stead of being E^. 

These effects have been discussed in detail by 
Schriber and Hogg and they have suggested that these 
fictitious cascades could be identified by scanning the 
spectra for different sum window settings. The peak due 
to the total absorption remains fixed in its position, 
while the coii5>ton peak moves along with the window setting. 
In this way, one can identify these fictitious peaks. 
However, this procedure is practical only when the stut^ 
involves a simple gamma decay scheme or in those cases 
where the levels are well separated from each other. In 
general, one has to take due care in gate settings and 
consider the possibilities of peaks in sum coincidence 
spectra due to photo-comp ton summing during the analysis. 
The gate settings a2?e not difficult vhen the level of 
interest has a reasonably strong crossover transition. 
Otherwise external calibration with the use of standard 
radioactive isotopes can be employed. However, the 
calibration is subject to errors due to pileup effects, 
described earlier. The calibrations should, therefore, 

be done with the same countingrates as used in the actual 
experiments. 
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The gates, thus set, are found to be proper in all 
the cases. The fictitious cascades are not troublesome 
in cases where the level under investigation is reasonably 
well populated and the crossover transition is not its 
predominant mode of decay. The difficulties arise only 
when the level is weaMy populated, with some level at 
higher energies being strongly populated. The difficulty 
also arises when the level of interest has maihLy a cross- 
over transition as its deexcitation mode. Such cases were 
subjected to a critical analysis. 

As mentioned earlier, the data from sum- coincidence 
spectra was supplemented with that from the spectra of the 
Ge(M) detector and only those decay modes, which were 
observed in both the studies, were taken into account. 

If a gamma ray was observed in a sum-coincidence spectrum 
and was not found in the Ge(Li) detector spectrum, every 
care was taken to find out if it vsls fictitious. 

F. Target holder and collimator ^stem : A tsirget holder, 

a beam oollimating system and other auxiliary systems were 
designed and made for the e 25 )eriments perfonned on the 
Van de Graaff accelerator. 

(i) Target holder : The target holder basically 
consists of a circular brass flange of 10 cm diameter and 
1 cm thickness, having a circiilar groove appropriate to 
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f±£ an 0-ring of 5.6 cm diameter and 0.3 cm thickness. 

Kie fLange has a circular step (concentric with the flange) 
of 2.5 cm diameter and 0.1 cm depth, which is made to he 
just efficient to. house the target. A circular brass 
plate of 2 mm thickness and 4 cm diameter with a hole 
of 2 cm diameter in the center is fixed on the flange with 
countersunk screws. !Ehis provides a rigid hold for the 
target in position without interrupting the beam path. 

(Che brass plate is easily removable and hence replacement 
of old targets by fresh ones is a simple operation. 

The arrangements for the target cooling are incor- 
porated to minimise the contamination build-up on the target 
and also to slow down the target deterioration. A cylin- 
drical brass stud of dimension 3.8 x 3*8 cm with a blind 
hole along a diameter is soldered on to the other face of 
the target flange. A brass tube of 5 cm diameter and 7 cm 
length is soldered on the same face of the flange so that 
■ttie stud is enclosed in it. A vertical copper rod passes 
throng a hole in the cylinder into the stud and is 
soldered to the cylinder. The remote face of the brass 
tube is closed by soldering a brass plate to the same. 

The tube has be^ provided with water inlet and mtlet 
nozzles. 

The target cooling can be affected either by running 
water through the cylindrical tube or by inserting the copper 
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FIG. 2.10 COLLIMATOR SYSTEM 
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rod in liquid nitrogen. With liquid nitrogen cooling, the 
temperatures of #^10°C are obtained. The target holder 
along with the cooling arrangements is shovm in Mg. 2.9. 

(ii) Collimator system : A collimator gystem was 
designed to ensure that the particle beam strikes the 
active target area only and not the other parts of the 
target holder. The system is shown in Fig. 2,10. It 
consists of two circular brass flanges of 10 cm diameter 
and 1.0 cm thickness soldered to the either ends of a 
brass tube. The bmss tube is of 5 cm internal diameter 
and 7.5 cm length. A central circular hole of 3 cm dia- 
meter is made on one of the flanges and of 1.5 cm on the 
others. Two circular tantalum pieces, one with, a central 
circular hole of 2 cm diameter and the other with a hole 
of 1 cm diameter are fixed on to the re^ective brass 
flanges. The tantalum piece of smaller hole is nearer 
to the target. These tantalum pieces can be replaced by 
others of different hole sizes to meet the requirements. 

In general, it is necessary to measure the beam 
current on the target and also on the collimator separately. 
The electrical insulation, thus needed, is achieved by using 
perspex flanges before and after the collimator system. 

Care has been taken to ensure that beam never falls on 
the perspex flanges during its travel to avoid the out- 
gasing and associated problems. aSbe geometry of the system 
is such that the beam can only strike the effective area 
of the target and nothing else. 
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CHAPTER III 


SUM-COINGIDEHCE STUDIES ON 


III.l Introduction 

151 

!Hie 11.5 day electron capture decay of Ba populates 
151 

the levels of Cs. This decay has been the subject of many 
investigations because of the considerable interest in xmder- 
standing the structure of excited states in Os. Various 
attonpts, with different nuclear models, have been made to 
explain the structure. But none of them is successful in 
providing a quamtitative explanation of the observed proper- 
ties. Primarily, it is necessary to have the decay scheme 
established beyond doubt. The scheme proposed by Horen 
et al.^ from the study of internal conversion electrons is 
the one commonly used, but there are several controversies. 
Recently, some investigations have been made with Ge(Li) 

detectors, but they take the gamma ray energies from Horen 

4 5 

et al . Two groups of workers * also measui^d sum-coincidence 

spectra, but there are major disagreements between these two 

reports. The present investigation is, therefore, undertaken 

to make precise energy assignments with the help of the Ge(Li) 

detector and to measure the sum-coincidence spectra to resolve 

the discrepancies. After the present investigation was 

6 

completed, Hasselgren ^ reported their m^surements, 

wherein they used a Ge{Li) detector for gamma ray energy 
assignments. Our results are compared with their measurements 
also. 
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151 

The Ba source was obtained from Bhabha Atomic 
Research Centre, Bombay, India. It was in liquid form as 
barium chloride in hydrochloric acid solution. The sources 
were prepared by taking a few measured drops of the solution 
onto perspex holders. The sources were evaporated to 
dryness under infrared lamp and wrapped in cellotape to 
avoid surface contaminations and to prevent the source 
material from falling out. Sources of different strengths 
were, thus, prepared for the experiment. 

The measurements consist of recording singles 

spectra with the Ge(li) detector and sum-coincidence 

m 

spectra at different energy gates. These two experimental 
set-ups are described in Chapter II. 

111.2 Measurement of Singles Spectra : 

The measurements were done in two stages. In the 

first stage, the spectrum covering the entire range of 

interest (0-1050 keY) was recorded. In a fixed source to 

detector geometry, the spectra were recorded at regular 

intervals to ensure that all the gamma rays belong to the 

151 

11.5 day decay of Ba. Camma rays due to the presence 

133 154 

of long lived impurities of Ba, Cs and an unidenti- 

151 

fied activity were observed. The radiation due to Ba 
could be easily distinguii^ed from that due to the 
impurities because of the large difference in the half 
lives of 


Ba activity and others 
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In the second stage, the spectra were recorded in two 
parts hy espanding the energy scale for precise energy measure- 
ments. The energy calibrations were done using standard 
sources giving gammas up to 1.3 MeV. The single spectra 
recorded with Ge(Li) detectors are shown in Figs. 3»1 to 3.4. 
The peaks' due to identified impurities are marked with the 
name of the isotope and those due to the unidentified one 
are marked with an astrix. The gamma ray energies reported 
in the present investigation agree well with the results of 
earlier workers except for the following minor differences. 

The 137.4 keV gamma ray reported by Horen ^ al. and the 

^ 2 

324 kef gamma ray reported by Kairlsson are not observed. 

The 969.6 kef gamma ray reported by Horen £t al. and later 
discarded by Mangal ^ is observed in the present 

investigation. There is no indication for the existence . 
of 797.0 and 954.6 kef gamma rays reported by Hasselgren 
et al . In fact, the spectra recorded after four half lives of 
the activity showed these peaks, thus indicating that these 
were due to the unidentified impurity. The gamma ray energies 
as measured in the present investigation are shown in Table 
3.1, along with the results of earlier workers. 

III. 3 Sum-coincidence Measurements 

The sum coincidence spectra were taken at 1048, 925, 

832, 696, 620, 585, 404, 373 and 216 kef sum gates. In 
^^^Cs, there are no levels at the excitation energies of 
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FIG. 3-4 Ge (Li) SPECTRUM OF- " Cs 510-1060 k(^V FNF.RGY RA^4GE 



Table 3.1« Gamwa Rays Observed In the Decay of 


151 


Ba 


Horen et al.^ 

5 — 

Hasselgren et al. 

Present 

54.84 

55.02 

54.6 

78.69 

78.68 

78.8 

82.43 

82.4 

82.3 

92.25 

92.25 

92.2 

123.73 

123.73 

123.5 

133.54 

133.54 

133.4 

137.26 

— 

- 

157.01 

157.13 

157.3 

216.01 

216.01 

215.7 

239.56 

239.45 

239.6 

246.83 

247.05 

247.0 

249.36 

249.34 

249.5 

294.45 

294.46 

294.5 

351.21 

351.66 

352.1 

373.15 

373.15 

373.0 

404.3 

404.09 

404.3 

427.7 

427.71 

428.3 

451.7 

451.36 

451.6 

461.3 

461.1 

461.5 

462.9 

462.87 

— 

480.6 

480.52 

480.6 

486.6 

486.52 

486.5 

496.3 

496.23 

496.5 

— 

572.95 

572.8 

585.1 

585.01 

585.0 

620.2 

620.2 

620.0 

- 

674.72 

675.4 

— 

696.54 

696.3 

832.0 

831.95 

852.7 

— 

914.66 

915.7 

924.4 

924.4 

924.9 

969.1 

969.19 

969.8 

1048.2 

1048.29 

1048.4 
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925, 832 and 404 keV. The specti^ with these energy gates 
.were, however, recorded to establish the double cascades 
in 1048.4 123.5, 1048.4 215-7 and 620.0 215-7 

keV modes of decay. At the gate setting of 620 ke¥, one 
observes the cascades in the 620 -7 0 keV decay as well as 
in the 696.3 78.8 keV decay. In all the sum-coincidence 

spectra two x-ray peaks were observed due to the siaimning of 
x-rays with the compton of a gamma ray making up the sum 
gate. These aspects are carefully noted during the analysis. 

The results of the measurements at most of the gate 

settings are in fair agreement with the reports of earlier 

4 5 

workers ’ , except for the spectra with gates at 1048 and 
585 keV, which require special conments. The sum-coincidence 
spectrum with gate at 1048 keY is shown in Pig. 3.5. It' 
indicates the presence of 1048,4 78.8 keV transition, 

which was one of the discrepancies in the earlier measure- 
ments, The 969.6 keV gamma is observed in our 6e(Iii) 

^ectrum also and is found to have the correct dec^ rate. 
However, 12ie presence of a broad peak around 500 keY, in 
the sum-coincidence spectrum, is not dearly understood. 

It is possibly due to the presence of impurities. 

The spectrum with gate at 585 keY has been recorded 
twice. The first spectrum is recorded within a week of 
procurement of the isotope and the other after about 4 half 
lives. The two spectra are shown in Pigs, 3-6 and 3.7 
2?espectively . 
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The spectrum which was recorded at the first instance 
showed peaks at 32, 124 + 134, 216, 239, 346, 370, 451+461 
and 553 keV. The spectrum recorded later under identical 
gate settings, shows additional peaks at energies 79 and 
506 ke?. Obviously, the 79 and 506 keV pair occurs due to 
a long lived impurity, which becomes dominant as the source 
decays. ¥e, therefore, conclude that 506 ke7 gamma ray 
reported by Kucarova _et also should be from an impurity 
present in the source. 

The other peaks in this spectrum have their origin 

131 

in Ba isotope. Of these, it is concluded that only the 
pairs 124+134 and 451+461 are due to photo-photo summings. 
The 32 and 553 ke¥ pair is due to x-ray and compton of a 
coincident gamma ray summing. The rest two pairs are due 
to photo-compton sinmiings. As can be seen from the singles 
spectrum, the 215-7 and 373-0 keV gamma rays are of high 
intensities. Thus the 215-7 keY gamma ray could sum up 
with the compton background of a coincidence gamma ray 
(404, 481 or 832 keY) to make up the sum gate setting and 
could provide peaks at 216 and 369 keV. Similarly, 373 keY 
gamma ray could sum up with the compton of a coincident 
gamma ray (675 and 247 keY) and gives rise to peaks at 212 
and 373 keV. Hence, we infer that the peaks observed at 
216 and 370 keY, in the present investigation and that of 
Mangal ^ are of this nature- ¥e, therefore, conclude 
that there is no transition between 585 and 373 keV levels. 
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Similarly, we conclude that rhe peaks at 239 and 346 ke? 
energies are also duo to photo-compton sunmings» 

III. 4 Conclusions 

1. The 137-4 keV gamma reported by Horen e_t aJ. as a 

transition between 215.7 —5 78.8 and the 324-3 ke? 
gamma reported by Karlsson as the transition between 
696.3 373-0 keY levels are not observed. 

2. The 506 and 563 keY gamma rays reported by Eucarova 
et al . are found to be connected with impurities 
present in the radioactive isotope. 

3- The 797-0 and 954-6 keY gamma rays observed by 
Hasselgren ^ were not seen and thus we conclude 
that there is no level at 1170 keY. 

4- The coincident gamma pair of 212 and 373 keY energies 
reported by Mangal ^ al. is found to be due to photo- 
compton summings and hence the conclusion is that 
there is no transition between the 585 and 373 k:eY 
levels. 

The proposed level scheme, on the basis of the 
present measurements is shown in Fig. 3-8. The doubtful 
gamma ray is indicated by a dashed lines. The other gamma 
rays are shown by continuous line. The spins and parities 
of the levels, as reported by Hasselgren et al. , are 
included in Fig. 3.8. 
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CHAPTER IV 


DECAY SCHEB5E STUDIES OP 


IV. 1 Introduction 

*1 AJl 1 ATI 

The level structure of ^'Pm using the ^'Hd source, 

1—18 

has been studied by many investigators employing various 
techniques. Considerable disagreement exists in the number 
of existing levels of ^^^Pm and their' possible decay modes. 
Baefcandy et with their iron-free double focussing 

i^ectrometer predicted new levels at 120, 208, 231, 275, 

298, 552, 724 and 763 keV in addition to already well 
es-tablished levels. Besides, there is a considerable 
interest in the level structure of nuclides around mass 
number 150, where one expects rather sudden change from 
near spherical to deformed structure. To check the validity 
of various theoretical interpretations of nuclear structure 
in this region there is a general need of detailed and 
precise experimental data. This theoretical interest 
together with the discrepancies in the reports of several 
investigations prompted us to carry out the detailed 

147 

investigation on the decay of Nd. 

147 

The Nd source was ob-fcained from Siabha Atomic 
Research Centre, Bombay, India. Sources of different 
strengths were made onto perspex holders. 
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IV. 2 Ge(Li) Spectra 

Various Gre(Li) spectra were recorded at different 
intervals to determine the energies of gamma rays precisely 
and to follow their decay in order to ensure that they 
originate from the 11 day decay of ^^^Nd. 33ie entire range 
of gamma ray spectrum was recorded in two different energy 
regions and the igrpical spectra obtained are shown in 
Pigs. 4.1 and 4.2. Kie energies of gamma ray observed 
are listed in liable 4.1, vdierein the values frcm earlier 
workers are also quoted for comparison. 

IV. 3 Ooincidence Measurements 

Sum-coincidence measurements were done at the 
following gate settings: 182, 275, 319.5, 410.5, 489.9, 

531, 594.8, 685.8 and 725 keV. Some measurements were 
made with simple fast-slow coincidence requirement, using 
the same Nal(oa) detectors, to check a few transitions. 

In all the sum-coincidence spectra, the 39 and 43 heV 
x-rays are expected to appear, adding up with some gaisana 
component satisfying the sum gate condition. lEheir 
presence is ignored while assigning observed gamma transi- 
tions. (Dhe results of sum-coincidence measurements are 
sunmarized in Table 4.2 and &re discussed below. 

The spectrum with gate at 182 keV ^ows a peak at 
91 keV, This is explained as due to 182 91 0 mode 

of decay. 
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Ge(Li) SPECTRUM OF Nd IN 460-700 KeV ENEF^GY RANGE 
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147 (a) 

Table 4.1. Gaama Rays Observed in the "Decay Nd 


BScklin 
et al.^^ 

Hill 

et al 

Jacobs 

Canty 
et al.^*^ 

Dougan 

et 

Present 

— 

— 

77 

- 

— 


91.0 

91.1 

91.1 

91-0 

91 

91 

-120.5 

120.49 

120.5 

120.6 

'12i 

120.5 

- 

- 

154.6 


- 

154.8 

- 

- 

- 

— 

- 

184.0 

196.6 

196.66 

197.0 

196.6 

197 

195.9 

- 

- 

— 

- 

- 

228.5 

275.4 

275.42 

275.4 

275-1 

275 

275.0 

- 

- 

- 

- 

- 

307.9 

319.2 

319.41 

319.4 

319-3 

319 

319.5 

- 

- 

. - 

- 

- 

349.0 

- 

_ 

- 

— 

- 

366.3 

398.1 

398.22 

398.0 

397-8 

398 

398.9 


- 

- 

- 

- 

405.5 

410.3 

410.3 

410.0 

409-6 

411 

410.5 

439.8 

439.85 

439.4 

439.4 

440 

440.0 

- 

- 

— 

- 

- 

450.0 

— 

- 

- 

- 

- 

457.3 

489.0 

489.3 

488.4 

488.5 

490 

489.9 

530.9 

531.01 

530.9 

530.7 

531 

531.0 

589.0 

589.3 

— 

-ii. 

590 

589.0 


Contd 




Table 4.1 (Contd. ..) 


Backlin 
et al.^^ 

Hill 
et al.^^ 

Jacobs 
et al.^^ 

Canty 

et al 

Dougan 

. T 18 

et al. 

Present 

595.5 

594.7 

593.0 

594.4 

596 

594.8 

- 

- 

- 

- 

- 

634.0 

- 

679.4 

- 

- 

(679) 

680.0 

686 ,3 

685.8 

-685.0 

686.1 

•6B6 

685.8 


(a) 


The results of the earlier workers are also shown 
for comparison. 
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suable 4.2. 


StiEmnary of Sum-coincidence Measairements of 




Sum coincidence gate 
energy (keV) 


y-y cascades observed 

i) 

182 


182 91 ^ 0 

ii) 

275 

a) 

275 91 ^ 0 



b) 

685.8 531 ^ — 410.5 

iii) 

319.5 

a) 

319.5 182.0 0 



h) 

319.5 ^ 228.5 0 

iv) 

410.5 

a) 

410.5 ^ 319.5 - 0 




and/or 




ao. 5^^4.9121,0 



b) 

725 124 531 319.5 

v) 

489.9 

a) 

489.9 91 0 



b) 

489.9 182 1^ 0 



c) 

685.8 531 182 

vl) 

531 

a) 

531 91 ^ C 



b) 

531 182 1^ 0 



c) 

531 275 0 



d) 

531 111 ‘-5^ 319.5 0 



e) 

531 120^ ilQ-^> 0 

vii) 

594.8 

a) 

685.8 1-S^‘^'5> 489.9 — 91 



b) 

685.8 212^2^ 410.5 2123^ 91 


Gontd 
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Table 4-2 (Gontd..,) 


Sum coincidence gate 
energy (keV) 


y-Y cascades observed 


Vlll) 


685 


ix) 


725 


a) 685.8 


> 91 ^ 0 


b) 680 91 ^ 0 


c) 685.8 228.5 0 

d) 685.8 319.5 — ? 0 

-e) 685.8 275^^0.5^^^0 

f) 685.8 489.9 — > 0 

g) 685.8 154^8^ 531^ q 

a) 725 -^21^ 91 21^ 0 

b) 725 275 0 

d) 


c) 725 319.5 0 


725 551 


0 
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The sum-coincidence spectrum with 275 keV gate has 
contribution from 685.8 410.5 mode of decay also. The 

spectrum showed pea3cs at 91, 120, 155 and 184 keV. The 
peaks at 91 and 184 can be due to either 275 91 0 

or 275 -> 182 -> 0 keV mode of decay. It is not possible 
to decide between these two transitions. The; pair of 120 
and 155 is due to 685.8 531 410.5 mode of decay. 

The sum-coincidence spectrum with 320 keV gate 
shows peaks of energies 91, 138, 182 and 228 keV. The pair 
of 91 and 228 ke¥ arise from the 319.5 228.5 0 mode 

of decay, whereas 138 and 182 keV gamma rays are due to 
319.5 182 -> 0 mode of decay. 

The spectrum with gate at 410 keV clearly indicated 
that the primary mode of decay of 410.5 keV level is through 
the emission of 319.5 and 91 keV ganmas. The 489 keV gated 
sum-coincidence spectrum provides the confirmation of 
489.9 182 ke? transition. This also provides an 

additional evidence for the existence of 182 keV level. 

The spectrum with gate at 531 keV gave a clear indication 
for the existence of levels at 182, 275 and 319-5 keV. 

The sum-coincidence spectra with energy gates at 
595, 685 and 725 keY are shown in Figs. 4.3, 4.4 and 4.5. 

The features of the same spectra are described below. 
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(i) 594.8 keV gate ; IHiere is no level assigned at 

594.8 ke¥. However, this sum gate spectrum was explored 

to examine the transitions resulting from the 685.8 91 

keV decay mode. Gamma rays of energies 195. 9 » 275. 5 » 319.5 
and 598.9 keV were observed. The presence of 195-9 and 

598.9 keV gamma pair provides the confirmation of 

685.8 489.9 91 ke¥ decay mode. 

(ii) 685.8 ke¥ gate : Qlhis sum gate includes both 
685.8 and 680 keY levels. Ihe observed gamma transitions 
are 91, 154.8, 195.9, 228.5, 275, 319.5, 366.3, 410.5, 
457.3, 489.9, 531 and 589 + 594.8 keY. The occurrence 

of 228.5 and 457.3 keY gamnas in coincidence can only be 
explained as 685.8 228.5 — ^0 keV decay mode. It offers 

evidence for the existence of 228.5 keY level. 

(iii) 725 keY gate : The observed clear peaks are 

at 91, 194, 275, 319, 405, 450, 531 and 654 keY. They are 
ascribed to the following modes of decay: 725 91 — » 0, 

725 275 0, 725 319.5 0 and 725 531 -^0. 

3he spectrum, thus provides, further evidence for the 
existence of 275 and 319-5 keV levels. 

In addition to the above mentioned sum-coincidence 
measurements, we have also measured the conventional fast- 
slow coincidence spectra with gates at 91, 120, 182, 228 
and 275 keY. These measurements were done to confirm the 
energy levels an d gamma transitions observed by us in 
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singles and sum-coincidence spectra. We found that the 
results of the latter study are consistent with the results 
mentioned above. 

I¥.4 Discussion 

Cork proposed a level at 289 keV. We do not 

7 

have any indication for the existence of this level. Svans' 
suggested a level at 230 keV to acconmodate 230, 260 and 
300 keV gamma, rays, reported originally by fhitledge ^ al.^ 

We observe that 228.5 keV level is populated from 685 and 
319.5 keV levels through the 457.3 and 91 keV gaimna rays 
respectively. The 260 and 300 keV gamma rays which were 
proposed to feed 228.5 keV level were not observed. 

We have a definite evidence for the existence of a 
level at 319 *5 keV, reported earlier by Cork ^ and 
Bashandy ^ al. This level is populated from 725, 685.8 
and 531 keY levels giving 405-5, 366.3 and 211.5 keV gamma 
transitions. We have indications for the presence of all 
these three gamma rays in Ge(li) spectium. Further evidence 
is obtained from the sum-coincidence spectra with gates at 
725, 685 and 531 keV energies. 

Hill et al. r^orted a level at 680 keV besides 
the well established level at 685 keY. We also have an 
indication for the same level in oiir Ge(Iii) spectrum, 
vdiere an indication exists for the presence of 680 ke? 
gamma ray. Further, a gaama ray of energy 589 keY is also 
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observe^k, which ceu only he explained as from 680 — ^ 91 JceY 
transition. 

Gunye ^ al.^^, luring et al.^^ and Sastry al. 
reported a level at 725 keV. We investigated this level in 
detail and got confirmation of its existence. Our results 
disagree with these earlier reports in certain details. 

Gunye ^ and Spring et al. reported a transition 
725 — > 410.5 keV for the depopulation of this level. Sastry 
et si. reported only a crossover transition for the deexcita- 
tion of this level. We do not find a crossover transition 
nor 725 410.5 keV decay mode- Instead, the sum-coincidence 

spectrum with gate at 725 keV exhibits 725 — ^531» 725 -#'319. 5a 
725 -?> 275 and 725 -> 91 keV modes of decny. The gamma rays, 
involved in these transitions, are observed in 6e(Li) spectrum 
also . 

Our measurements confirm the existence of 154.8 keV 
gamma rays reported by Jacobs e^ al. and Bastiandry e^ al. 

We have a conclusive evidence that the gamma ray is due to 
685.8 531 keV transition from our sum-coincidence spectrum 

with a gate at 685 keV. The level scheme constructed, with 
our results incorporated, is shown in Fig. 4-6. 

I?. 5 Summary 

Thirty gamma transitions are observed and levels at 
182, 228.5, 275, 319.5 and 725 keV, udiich were doubtful. 
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are confirmed from our detailed sum— coincidence sludies. 
Our coincidence measurements rule out completely the pos- 
siMlity of levels at 120, 208, 398, 471, 552 and 763 keV 
proposed by Bashandy et al. 



75 


REFERENCES 

m 

1. C.B. Mendeville and S. Shapiro, Phys. Rev. 79 (1950) 391* 

2. E. Kondaiah, Phys. Rev. 81 (1951) 1056. 

3. W.S. Emmerich and J.33. Eorhatov, Phys. Rev. 8^ (1951) 40. 

4. W.C. Rutledge, J.M. Cork and S.B. Bur son, Phys. Rev. 

86 (1952) 775. 

5. H.S. Hans, B. Saraf and C.E. Mandeville , Phys. Rev. ^ 

(1955) 1267. 

6. J.M. Cork, M.K. Brice, R.G. Helmer and R.M. Woods, Jr., 

Phys. Rev. ^ (1958) 526. 

7. P.R. Evans, Phil. Mag. 3 (1958) 1061. 

8. (T.J. Walters, Nuclear Phys. 13 (I960) 653- 

9. H.D. Wandt and P. Eleinheinz, Nud. Phys., ^ (I960) 169. 

10. M.R. Gunye, R. Jambunathan and B. Saraf, Phys. Rev. 124 

(1961) 172. 

11. E. Spring, Phys. Lett. 7 (1963) 218. 

12. V.V.G. Sastry, Y. Lak^minarayana and S. Jnanananda, 

Ind. J. Pure and App. Phys. 2 (1964) 207. 

13. E. Bashandy and A. A. El-Haliem, Z. Naturf. 22A (1967) 154. 

14. A. Backlin and S.G. Malmakog, Arkiv Fur Fysik ^ (1967) 459. 

15. J.C. Hill and M.L. Wiedenbeck, Nucl. Phys. (1961) 599. 

16. E. Jacobs, E. Heyde, M. Borikens, J. Demuynck and 

L. Borikens-Vanpraet , Nucl. Phys, A99 (1967) 411. 

17. M.J. Canty and R.Il. Connor, Nucl. Phys. A104 (1967) 35. 

18. P.W. Dougan and B. Erlandsson, Zeits. Phys. 207 (1967) 105. 



CHAPm V 
BEGAT OP 


V.l Introduction 

The 45 day decay of has "been the subject of 

many investigations.^”^ Visweswara Rao et al-^ measured 
the gamma spectra using a sum-coincidence spectrometer. 

They assigned new levels at 650 and 1560 keV along with 
several new gamma transitions. Subsequently, Graeffe 
et studied the decay scheme using a Ge(Li)-Nal(Tl) 

coincidence spectrometer. They did not observe the levels 
at 650 and 1560 keV. Instead, they reported new levels at 
828 and 336 keV. Besides there exist several other incon- 
sistencies in the number of levels and gamma transitions. 

The present investigation has been carried out to examine 
the decay scheme in detail. 

V.2 Be tails of the Measurements 

The ^^^^Cd was procured from Bhabha Atomic Research 

134 

Centre, Bombay, India. Some impurities, including Cs, 
were found to be present in the source. The radiation due 
to the impurities was easily identified by recording the 
Ge(Iii) spectra many times over regular periods. Only those 
gamma rays, lowing half life of 43 days have been attributed 
to the ^^^^Gd decay. 
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!nhe G-e(Li) spectrum was recorded in two energy 
regions: (i) 0-900 keV, and (ii) 900-1600 keV to cover 
the entire range of gamma rays. !Ehe two ^ectra are itoown 
in Figs. 5.1 and 5.2. In all 12 gamma rays have been 
observed. Kie gamma ray energies are listed in fable 5-1. 

IHie results of earlier workers are also given in the table 
for comparison. 

fhe sum-coincidence spectra were recorded with gates 
at energies 598, 934, 1133, 1290 and 1420 keT. fhere is 
no level at 598 keV, but this spectrum was recorded to 
see the occurrence of double cascades between 934 and 336 
keV levels. !Ehis serves to test the 934 828 336 keV 

decay mode observed by Oraeffe ^ fhe spectrum recorded 

with this gate at 598 keV is shown in Fig. 5*3. It clearly 
establishes the genetic relation between 106 and 492 keV 
ga mma rays, whit^ can only be explained as 934 ->828 -^336 
ke¥ cascade decay. It, thus, provides the evidence for the 
existence of 828 keV level. Further evidence for the exis- 
tence of this level comes from the sum-coincidence spectrum 
with gate at 934 keV. fhe spectrum shows that 954 ke¥ level 
gets deexcited by emitting a cascade of 106 and 828 fceV 
gamma rays. It is ascribed as 934 -> 828 0 mode of 

decay, fhe results of sum-coincidence measurements at 
various gate settings are summarized in fable 5.2. 
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Table 5.1 . Gaanma Bays Observed in the Decay of 


115m, 


Cd 


Rao et al 

g 

Graeffe £t al . 

Present 

— 

105,6 

105.8 

- 

(130) 

- 

165 

158,1 

157.6 

270 

— 

- 

300 

(292) 

287.1 

— 

336.3 

336.5 

485 

485.0 

• 485.6 

- 

492.6 

492.3 

640 

- 


650 

- 

- 

“ 

— 

828.0 

910 

- 

- 

935 

934.4 

934.6 

1125 

1133.0 

1133.2 

1290 

1291.2 

1290.8 

1420 

1419.4 

1420.2 

- 

1450.1 

1450.2 

1560 


— 
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Table 5.2. Summary of Sam-coincidence Measureinents on Cd 



Energy gate 
(keV) 


Y-y cascades 

i) 

598 


934 828 336 

ii) 

954 


__ . 106^ 828 ^ 

934 ^ 828 0 

iii) 

1133 


1133 0 

iv) 

1290 


1290 - > 1133 

v) 

1420 

a) 

1420 1133 1 



b) 

1420 934 0 

vi) 

1450 


1450 -r?. 0 
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y.3 Summary 

(i) 55ie Se(Li)g|^pectra show that in all only 12 gaioaa 
rays originate from the decay of !Phe 

spectra establish that all the levels have a cross- 
over transition as one of the modes of decay. 

&raeffe et observe the same features except 

that they did not observe a crossover transition 
for 828 keV level . 

(ii) In the present measurement, the evidence for the 
existence of 828 keV level comes from 6e(Li) 
spectra and also from 598 and 934 keV gated axm- 
co incidence spectra. 

(iii) Grraeffe et a^. could not establish the occurrence 

of 287 keV ganiaa ray. Both our singles and coinci- 
dence measurements confirm the presence of this gamma 
ray. !Phe coincidence measurements indicate that it 
arises from 1420 —9' 1133 mode of decay. 

(iv) The present investigation does not provide any 

evidence for levels at 650 and 1560 keV reported 
by Visweswara Hao ^ al . 

lEhe gamma decay scheme of constructed from 

the results of the present measurements, is shown in Big. 5. 4. 
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CHAPTER VI 

NUCLEAR LEVEL- STRUCTURE STUDIES OP ^^Ru 


VI. 1 Introduction 

Levels of ^^Ru, upto the excitation energy of 2.05 
MeV are populated in the p"*", EC decay of ^^Rh ground state 
(T^^2 ” 16.1 days). The works of Kurbatov ^ al*^ and 
Jha et were 1die main sources of information about this 

decay till 1965. These investigations were carried out with 

3 

scintillation detectors. Later studies of Connors , Moss 

A f 

and McDaniels^ and Antoneva et were done with solid 

state detectors. OPhe work of Connors was, however, 
restricted to the excited states of energies less than 
700 keV. Moss and Mcl^iels have studied the level struc- 
ture upto 2.05 MeV and also measured NaI(Tl)-Ge(Li) fast- 
slow coincidence spectra. They arrived at a dec^y scheme 
from the above data and also from a computer programme 
which searched for excited levels and possible transitions, 
accepting the gamma ray energies as the input data. 

Antoiieva ^ al. recorded the singles spectra upto 2.05 MeV 
using a ffe(Li) spectrometer and assigned the energies and 
relative intensities of the gamma transitions. It was, 
therefore, felt that there is insufficient coincidence 
data to establish the decay scheme. To this end, the sum- 
coincidence data are recorded at various gate settings and 
the single spectra are also measured with a 6e(Li} detectcr . 
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Eie source was obtained in solM fom f 2 ?o« Oak 
Ridge National Laboratory (USl). iSie enriciied target 
material (99.951^) was enclosed in an aluminium capsule, 
and was bombarded with the proton beam of OBKL cyclotron. 
!15ie 16.1 day ^^Eh actirity was produced by (p,n) reaction. 
The isotope was radio chemically separated to remove the 
impurities. 

The singles spectra were recorded with the 6e(Li) 
detector and the ccdncidence spectra were measured with 
the sum-coincidence set-up described in Chapter II. 

VI. 2 Gamma Ray iEransitions and Intensities 

Typical singles gamna ray spectra recorded with 
the 6e(Li) detector are ^own in Figs. 6.1-6.4* Figure 
6.1 shows the gamma rays observed In -Sie energy range of 
0-442 JceV. We have found no evidence for the existence 
of the 119.4 keV gasma ray reported by Mc^s and McBaniels. 
The spectra recorded with the separated impuri'l^ source 
show the existence of a well defined peak at 119.4 fceV. 
This shows that the 119.4 keV ganroa ray does not b^ong 
to the decay of ^^Hh. The rest of the gamma raqr energies 
in this region, however, are in agreement with the values 
of Moss and McBaniels. Gemma ray spectrumi in the energy 
range 400-1200 keV is shown in Fig. 6.2. In addition to 
the gamma, rsys reported earlier, we have observed an 
additional j^aaia rey at the energy of 910.8 knV. Siis 
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is found fc decay with the half life of 16.1 days. The 

peak at 77S.1 keV does not belong zo the 16.1 day decay 
99 

of Rh. ?ig. 6.3 Dhows the gaisina ray spectrum in the 

range 1200-1750 keV. The gamaa ray spectrum in the 

energy range of above I960 keV is shown in ?ig. 6,4. 

The gamma rays observed in the singles ^ectra essentially 

confirm the results reported by Moss and McDaniels except 

for minor variations. The aiergies of the gamma rays 

99 

observed by us in the 16.1 day decay of Rh are listed 

in Table 6.1. The energies of the gamma rays in our 

measurements from our energy calibration are very close 

to the values reported in ref. 4. We have, therefore, 

adopted their energy values except in the case of 1295 
QQ 

keV level in ^Ru. A few gamma ray lines not belongir^ 

QQ 

to the 16.1 day activity of ^Rh are observed. In the 
plots, they are marked with asterisk. The origin of 
these gamma rays has not been explicitly/ determined. 

The areas under the photopeaks of the gamma rays 
99 

of Ru are determined aftex- subtracting the contribution 
due to general background radiation. This data, along 
with the data of full energy peak efficiency of the 
detector, is used for the evaluation of the relative 
intensities, which are normalized to the intensity of 
the annihilation (511 keV) radiation assumed to be of 
intensity 100. The relative intensities are also listed 
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Table 6»1 . GaimBa Rays Observed in the Decay of 16.1 d 

and Their Relative Intensities 


Energy (E^) 
(ke?) 

Relative 

y-ray intensities 

(I,) 

Moss ^ al.'^ 

Antoileva et al.^ 

Present 

89.36 

76 

100 + 10 

56.3 

119.4 

0.15 

<2 

- 

175.2 

5.8 

4.5 +■ 1.0 

3.8 

252.4 

1.3 

1.5 + 0.5 

0.72 

295.7 

2.1 

3.5 + 0.5 

2.6 

322.4 

16.5 

18+2 

9.1 

353.0 

81.3 

100 + 10 

78.3 

442.8 

4.3 

4.5 + 0.5 

5.4 

486.5 

1.5 

1.5 + 0.5 

0.89 

annihilation 

radiation 



527.7 

100 

100 

100 

575.2 

0.6 

0.8 ^ 0.2 

0.47 

618.0 

10.0 

11+1 

11.9 

734.2 

0.8 

0.9 + 0.2 

0.61 

763.9 

1.0 

- 

0.88 

806.6 

3.5 

3.6 + 0.5 

3.5 

850.5 

0.6 

^1 

1.1 

897.2 

1.7 

1.7 + 0.3 

2.1 

910.8 

- 

- 

0.15 

941.5 

5.8 

3.3 + 0.5 

5.4 


Contd 
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Table 6.1 (Oontd..) 


Energy (E^) 
(keY) 

Relative 

Y-ray intensities 


Moss £t al 

5 

Antoneva _et al . 

Present 

1000.2 

1.7 

2.0 + 0.2 

2.0 

1061.2 

0.4 

0.6 + 0.2 

0.55 

1089.4 

o 

no 

~ 1 

1.0 

1208.3 

0.4 

^0.8 

G .66 

1295.2 

0.9 

1.0 + 0.3 

0.72 

1323.9 

0.4 

=0.5 

0.66 

1382.9 

0.4 

40.4 

0.29 

1442.1 

0.2 

<0.4 

0.34 

1484.3 

0.4 

<0.4 

0.14 

1505.1 

0.2 

<0.4 

0.1 

1532.9 

1.4 

1.9 + 0.4 

1.3 

1572.4 

0.58 

0.7 ± 0.2 

1.3 

1618.0 

0.6 

^0.6 

0.9 

1662.1 

0.15 

<0.4 

0.23 

1749.1 

0.15 

<0.4 

0.6 

1970.3 

0.4 

40.4 

0.21 

2058.6 

0.08 

— 

0.45 
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in Table 6.1. The values reported by Moss and Mc33aniels 
and that of Antoneva £t ai. are also included for comparison. 

VI . 5 Sum- Go incidence Spectra 

The sum-coincidence spectra are measured with the 
energy gate settings at 575, 618, 734, 850, 897, 941, 1000 
and 1295 keV. The spectra, thus recorded, at the different 
gate settings are shown in Figs. 6.5 to 6.10. In all the 
spectra Intense peaks are observed at 511 keV at the corres- 
ponding energy to make up the sum gate. These are due to 
coincidence between the annihilation quantum and the compton 
of a gamma ray making up the sum gate. These peaks are duly 
noted and discarded in the analysis. The results of the 
measurements are suimnarized in Table 6.2 and are described 
below. 

(a) 575 keV gate : The spectrum with gate at 575 keV is 

shown in Fig. 6.5. This provides evidence for the 
existence of 486 — > 89 cascade from the level at 575 
keV as 575 89 — ^ 0 mode of decay. 

(b) 618 keV gate : Figure 6.6 shows the spectrum obtained 

with the energy gate. Evidence for the existence of 
618 89 0 and 618 443 — ^ 0 keV cascades is 

clearly se^. The observed peak at 305 keV is found 

to be of half width larger than that expected for a 
mono energetic gamna ray of that energy. !l!his broad 
peak probably comes from the existence of two gamma rays 
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Tallc 6.2 . Summary of the HaI(Tl)-ITaI(Tl) sum- coincidence 

measurements 


Sum-coincidence gate 

energy (keV) 

575 

618 (a) 

(^) 

(c) 

734 

850 (a) 

(b) 

mi 

941 

1000 

1295 (a) 

( 13 ) 

(c) 


Y-y cascades observed 


575 

486^ 

y' 

89 

89.^ 

0 

618 

528^ 

■ 

89 


0 

618 


322 

322^ 

0 

618 

115^ 

443 

443-. 

y^ 

0 

734 

734^ 

0 



850 

232^ 

618 

618 _ 

0 

850 

850^ 

0 



897 

808^ 

y 

89 

loo 

r 

V 

0 

941 

763 ^ 

-- ■ 

175 



1000 

911^ 

89 


0 

1295 

295^ 

1000 

1000 

^ 0 

1383 


443 

344^ 

‘ 89 

1383 

765-^ 

- 

618 

528^ 

>■89 
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with energies 296 and 322 keY as due to the 
618 — > 322 — > 0 cascade mode of decay. lEhus, this 
spectrum clearly shows that 618 keY level has bran- 
chings to 89, 322 and 443 keY levels. 

(c) 734 keY gate ; The spectrum at this gate setting 
shows that there is only a crossover transition for 
this level with no cascade mode of decay. 

(d) 850 keY gate : The spectrum at this gate setting 

is shown in Fig. 6.7* The spectrum gives a clear 
indication for the existence of a 232 and 618 keY 
pair of coincident gamma rays. This is noted as 
850 — ^ 618 0 cascade mode of decay. Okie 232 keY 

gamma ray is explained by Moss and McDaniels as a 
transition between 322 and 89 keY levels, whereas 

the present results show that it is resulting from the 
branching of 850 keY level to the 618 keY level. 

(e) 897 keY gate ; The spectrum recorded with this gate 

setting gives a clear indication of 808-89 keY gamma 
pair, which is accounted for as 897 — 5? 89 — ^ 0 keY 
transition mode. 

(f) 941 keV gate : Figure 6.8 shows the spectrum recorded 

with this gate setting. There is a clear evidence 
for a cascade of 763 stnd 175 keY gamma pair, which 

can be included as due to 1383 618 -^ 443 modes 

of decay. This further confirms the 618 -^ 443 heY 



1(3 

transition as observed in the spectrum gated at 
61S keV. !rhis spectrum shows the presence of a new 
transition between 1383 and 618 ke? levels. 

(s) 100(^_ 'i^Q^ gate : The spectrum with the energy gate 

at 1000 keV is shown in Fig. 6.9. Besides, the peaks 
due to the coincidences of annihilation radiation, a 
coincident gamma ray pair of 89 and 911 keV is observed. 
This is fitted as due to 1000 — >89 ->0 transition. 

This cascade pair is not reported by earlier workers. 

(h) 1295 keY gate : Figure 6.10 shows the spectrum 

recorded with gate at 1295 keV. Three gamma pairs 
are observed. They aie fitted as due to the following 
transitions . 

295 and 1000 keV 1295 1000 0 

941 and 353 keV 1383 443 89 

765 and 526 keY 1383 ^ 618 ^ 89 

This spectrum provides further confirmation of the 
1383 618 keY transition observed in the spectrum 

with gate at 941 keY. Another new cascade mode observed 
here is the 1295 1000 0 transition. 

YI .4 Summary 

The results of the present investigation agree 
reasonably well with the results of Moss and McDaniels 
except for the following findings; 
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(i) There is no evidence for the presence of a 119.4 ke¥ 
gammca. ray. The fact that in intense 119.4 ke? gamma 
ray is observed in the spectrum of chemically s^arated 
impurity, leads to the conclusion that the 119.4 keV 
gamma ray does not "belong to the 16.1 day decay of 

(ii) The 232 ke"V gamma ray was reported to be due to a 

transition between 322 and 89 keV levels."^ But ttie 
sum coincidence results with energy gate at 850 keT 
demonstrate that it is due to a transition between 
850 and 618 ke'V' levels. 

(iii) Moss and McDaniels suggested that the 764 keV gamma 
ray arises due to a transition between 1662 and 397 
ke'V" levels. The present investigation indicates 
that it arises from the transition between 1583 and 
618 keV levels. Our results, however, do not rule 
out the possibility that 765 keV gamma ray might also 
arise as the transition between 1662 and 897 keV 
levels. 

(iv) The sum— CO inc idence spectrum v/ith gate at 1000 keY 

gives evidence for a new transition of 911 keY energy. 
The transition is probably between 1000 and 89 keY 
levels. A gamma ray of 910.8 keY energy is also 
observed in the Ge(li) spectrum. 
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(v) The sum-coincidence spectrum with gate at 1295 ke? 
provides evidence for a new gamma ray of 295 ke? 

energy as a transition between 1295 and looo ke? 
energy levels. 


From the intensity balance consideration of the 

gamma rays, the percentage population of the different 

levels in the EC decay is calculated and log ft values 

for each p , EC transition is deduced using the available 

nomograms. Except for that of the transition to 2058 

ke? level, the log ft values for the transitions to the 

other levels are consistent for the transitions to be 

first forbidden. So it is most likely that all the levels 

except the 2058 ke? level, populated in the decay are of 

even parity and of spin assignments | and | since the 

ground state of ^^Rh is of = F- It is also likely that 

2058 ke? level is of J = ^ ov ^ ^ These conclusions are 

in agreement with the observations of Antoneva £t al. The 

level scheme indicating the gamma cascades of the various 
_ .go 

levels in Ru, along with the log ft values, is shown in 
Eig. 6.11. 


QQ 

?1 . 5 Oommonts on the level Structure of Ru 

nuclei with partially filled ggy'2 shell 

.configuration are of much theoretical interest, due to 
their complicated level structure. For nuclei, with a 
few protons in ^ell, the few particle excitations 



SCHEME OF Rh (16.1 DAYS) 
IF 






109 


■fcrss.'tiiig Zx“ [z 40 j 38 ic ^ "fclis cops, iiavs tissn 

attempted. But as the proton number increases, these 
calculations become unmanageable. For such nuclei, one 
has to verify whether the few particle interaction models 
are still valid. However, such detailed calculations are 
not available for ^^Ru. Kistner et al.^*^ perfonned the 
coulomb excitation experiments and attempted to compare 
their results with the core-excitation model. Moss and 
McDaniels attempted to explain the structure by three 
different nuclear models and they felt that the core- 
excitation model is the most plausible one. But this 
model could not explain the observed magnetic moments. 
Besides, Antoneva et al. discussed the structure of 
individual levels separately and concluded that core- 
excitation model may not be applicable here and according 
to them it can only be said that these levels exhibit many 
particle nature. Recently, lederer £t al. have measured 
the properties of odd and even Ru isotopes and discussed 
the structure of these nuclei to some extent. We make an 
attempt to present a qualitative discussion of the struc- 
ture of ^*^Ru levels, with the help of experimental data 
available for Mo and Ru nuclei. It is hoped that such 
comments may prove helpful for further quantitative 


cal culations . 



110 


It is interesting to study the systematics of level 

schemes as we proceed from Mo to Ru isotopes and also for 

different odd A isotopes in mtheniumj in order to get some 

insight into the nuclear structure of in this study 

of systematics, we observe that even parity states exhibit 

a different nature, when compared to the systematics of odd 

parity states. So we discuss them separately. Ihe energy 

level spectra for even and odd parity states of odd A, Mo 

and Ru isotopes are shown in Figs. 6.12 and 6,13. Ihe 

level structure are taken from Lederer et al . , Antoneva 
7 8 

et al . , Rshelepov _et and Table of isotopes compiled 

by lederer al . ^ 

Sv en parity states ; As can be seen from the energy 
level spectra of ^"^Ru, ^^Ru and ^^^Ru, the positions of 
even parity states arc not much affected by the addition 
or removal of even number of neutrons. But, the comparison 
with the corresponding levels in m.olybdenum isotopes shows 
that the levels in ruthenium isotopes are much lower in 
energy. It, thus, appears that these levels might be 
mainly of proton seniority number 2 and neutron seniority 1. 
In other words, these are the many particle configuiation 
states with (^Sg/2^2’*' 4"*" 6’*’ S’*" coupling to a neutron of 
( seniority 1. 

Moss and McDaniels suggested that the first excited 
state in ^^Ru is a member of the quintet of one phonon in 
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FIG. 6.12 SYSTEMATICS OF EVEN PARITY STATES OF ODD A Mo 

AND Ru ISOTOPES. 
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coupled to the ( < 15 / 2 ^ 5/2 But this could not 

sut i si 3/C tonily expluin the ohsenved iii3.^netic inoiiient oi the 
state. It seems that the only plausible conment one can 
make is that the first excited state of many particle 
configuration. 

Antoneva et considered the 340 keV level (7/2'^) 
to he of single particle nature. It is very doubtful if this 
could be a single particle state. The gradual change of 
the position of the lowest 7/2'‘' states in Mo and Ru isotopes 
suggests that these are of many particle nature. The rela- 
tively large change in the position with the change of 
proton number by two, when compared to the change as the 
neutron number is altered, is also in favour of the above 
arguments. However, the admixture of different configura- 
tions cannot be ruled out. 

\ 

-parity states : Unlike the even parity states, 

the odd parity states are much affected in their position 
with the change of neutron number. Prom the energy spectra 
of Mo and Ru isotopes, it can be seen that for neutron rich 
isotopes the odd parity states with high ^in values lie at 
low energies. It is also observed that the positions are 
not much affected with the change of proton number. The 
systematic change with the increase of the number of 
neutrons is consistent with the explanation of quasi- 
particle excitations suggested by lederer ^ 
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According to Lederer et al,. these odd parity high 
spin states arise due to the coupling of the odd neutron 

^11/2 give 

the spins of 11/2 , 15/2 , 19/2 and 23/2 . Ihe energy- 

wise lowering down of these states, as the neutron number 
is increased, is understandable within the framework of 
quasiparticle excitations. 

To summarise, it appears that the. levels of ^^Ru 
exhibit complicated structure, so that a few nuclear 
interaction models may not satisfactorily explain them. 

The structure suggests that the even parity states are 
due to proton excitations and neutron excitations affect 
the odd parity states, It means that the possible neutron 
excitations in g, s, d shells have very little effect on 
the even parity states and no proton holes in f-p shell 
result in the odd parity states. 
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CHAPTER VII 
DECAY OE 

VII. 1 Introduction 

The 38.4 min decay of ^^Zn has been the subject of 
several investigations. Two recent investigations^'^ 
have indicated the presence of several new gamma transi- 
tions. However, the results of these measurements are 
not in agreement. Thus, at present, there is no unambi- 
guous decay scheme available for this isotope. ¥e attempted 
to identify all the gamma rays with a G-e(Ii) detector and 
to confirm that they ^re emanated from ^^Zn decay by 
examining their- half lives. East-slow coincidence 
measurements were also done. 

VII . 2 Details of Measurements 

The activity of ^^Zn was produced by ^‘^Zn(n,2n)^^Zn 

reaction using the 2 MV Van de Graaff accelerator as the 

neutron generator. The 14 MeV neutrons, required for the 

*5 4* 

experiment, were produced by ^H(d,n) He reaction. A 
natural zinc target (> 9 % purity) was employed. The gamma 
ray spectra were measured wi-th the Ge(Di) detector, 
described earlier, in expanded energy scales to achieve 
precise energy assignments. The half life of each gamma 
ray was determined to make sure that the decay rate is 
38.4 minutes. Some long lived gamma components were also 
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observed and they were taken into account during analysis. 

The nieasurenients of coincidence spectra were carried 

out with the eo(Ll)-NaI(Tl) fast-slow assemhly. The spectra 
were recorded with gates at 511, 670 and 962 keV energy. 

VII. 3 Results 

The Ge(Ii) spectra are shown in Rigs. 7. 1-7. 6. The 

spectra shows are the superpositions of measurements from 

several bombardments. The energies of gamma rays are 

listed in Table 7.1. The results of earlier workers are 

also shown for comparison. We do not get any evidence for 

the existence of gamma rays of 684, 923.5, 1087, 1150, 1168, 

1189 and 2048.6 keV energies reported by Borchert^. ¥e 

also did not observe the 1573.3, 2082.1 and 3101 keV gamma 

2 

rays reported by Kiuru and Holmberg and also by Borchert. 
Also, the 1340.0 keV gamma ray observed by Kiuru and 
Holmberg was not observed in the present study. However, 
the 2103 keV gamma ray, reported by Borchert, but not 
observed by Kiuru and Holmberg was observed in our measure- 
ments and additional new gamma rays of 1716 and 1734 keV 
energies were also observed. As shown in Fig. 7.7, all 
these gamma rays exhibit the 38.4 minute half life, thus 
showing that they belong to the Zn decay. Instead of 
a 2780 keV gamma ray, reported by the earlier workers, a 
gamma ray of 2773 keV was observed, requiring the level 
populated to be of 2773 keV energy. Fast-slow coxncidence 
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Table 7*1* 

Gamma 

Ray Energies from the 38.4 

m decay of 


Borchert 

1 

P 

Kiuru et al. 

Present 

564.5 + 

2.0 

- 

9 

450.0 + 

.5 

4 49 .8 + 1.0 

450-0 

511 


511 

511 

669.6 + 

.2 

669.75+ .2 

669.7 

684.7 


- 

- 

742.5 + 

.5 

742.0 + 1.0 

742.4 

923.5 


_ 

- 

961.9 ± 

.2 

962.1 

962.1 

1087 ± 

2 

- 

- 

1123.7 + 

.3 

1123.6 + 1.0 

1123.4 

1150 + 

2 

- 

- 

1168 + 

3 

- 

- 

1189 ± 

3 

- 

- 

1208 + 

2 

1209.1 ± 1.0 

1208.2 

1326.4 + 

.3 

1327.1 + 1.0 

1327.8 



1340.0 

- 

1374.3 ± 

.3 

1374.4 + 1.0 

1374.7 

1391.5 ± 

.4 

1392.1 + 1.0 

1392.5 

1411.9 + 

.2 

1412.1 + 1.0 

1412.1 

1546.9 + 

.2 

1546.6 + 1.0 

1547.8 

1574.0 + 

2 

1573.5 + 1-0 

— 


. . .Oontd. 



1 


Table 7«1 ( Contd . . . ) 





1716.2 

- 

- 

1733.9 

1816.9 

1825.6 

1811.0 

1865.3 

1863.4 

1863.0 

2010.9 

2012.0 

2012.3 

2027.2 

2026.7 

2026.3 

20 ^ 8.6 

- 

- 

2062.0 

2062.7 

2062.2 

2082.0 

2082.1 

- 

2103.2 

- 

2103.4 

2336.5 

2336.7 

2336.8 

2497.7 

2497.1 

2498.8 

2512.0 

2512.1 

2512.0 

2535.9 

2536.2 

2536.0 

2696.7 

2696.7 

2696.0 

2717.0 

2716.8 

2715.1 

2780.1 

2780.1 

2773.1 

2806.5 

2807 

2807.4 

2857.4 

2856 

2855.7 

2882 

_ 

- 

- 

2890 

2890.1 

3044.9 

3044 

3044 

3100.9 

3101 

- 
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measurements were done with each gate setting for several 
homharded samples. The spectra were superposed. Even after 
10-15 homhardments for each spectrum, reasonable statistics 
were not obtained. It is because the cascade branchings 
of Cu are very weak and much prolonged data collection 
times are necessary. 

A level scheme constructed with the present results 
shown in Tig. 7.8. Spins and parities of the levels are 
as shown by Borchert, adopted from the reports of the 
earlier workers. 

VII. 4 Discussion 

There have been various attempts to explain the 

structure of the low lying levels on the basis of core- 

65 

excitation model, treating -^Cu levels as due to a 2^/2 

62 

proton coupled to the even-even core of M. A quartet 
of lev(;ls is expected to arise due to the 

Co 

coupling to the excited 2"^ core of ^Ni. Por sometime, 
the 1412.1 keV level has boon considered as the 5/2 
member of the multiplet. Later experiments showed it to 
be a 5/2” state. Thankappap. and True^ showed that the 
2012 keV excited state of ^^Cu can be the 3/2" member. 

But they could not explain the occurrence of levels at 

1547 and 1863 keV. 

The 670 (l/2") and 962 (5/2") keV levels are 
populated in the ground state decay of Zn (3/2 ). Ihe 
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b iij i onu 3,2?© 3,11 owsd., Gamow— T gIIsx' ’fcransi'tioiis. In tliB 
Appendix, wc show that there should exist a simple geome- 
trical ratio independent of nuclear matrix elements between 
the ft values of the two transitions if these two are the 
members of the multiplct. In the calculation it is neces- 
sary to assume that both the parent and dau^ter (^^Zn and 
^Gu) are a single particle coupled to the same core. If 
the description of -^Cu quartet as due to a particle coupled 
to the excited 2"^ core of ^Ni is valid, then the description 

that it is due to a particle coupled to the analog 2 ^ state 

62 

in Cu is also equally valid. For simplicity of evaluation, 
wc assumed the parent ^Zn nucleus as a particle coupled to 
the ground state of ^'^Cu. These assumptions give the 
calculated ratio 


(^'fa) 3/2 — > 1/2 
( 5/2 


2.6 


whereas the experimental value is 1.05. 

Needless to say that the assumption made regarding 

the configuration of ^^Zn is open to questions and thus this 

ratio is not expected to yield any reliable info mat ion about 

the quartet states. Nevertheless, it may be emphasised that 

6 

a more realistic calculation of the decay of Zn to these 
four quartet states can provide a reasonable test of the 
hypothesis that the ^^Cu excited states can be represented 
as coupling of 2’*' vibrational state of Ni and a proton. 
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APPENDIX 


The corc-excitation multiplet satisfy the centre 
of gravity theorem due to Dawson and Uretslcy^% i.e., 

21 (2j + 1) (E - EJ = 0 

where j takes the possible total angular momentum values 
of the CO re -mult ip let members, E. is the respective excita- 
tion energy values and E^ is the excitation energy of the 
corresponding core state. Also the B(E2) values for the 
transitions of the members of the multiplet to the ground 
state are separately equal to the B(E2) value for the 
transition from the excited state to the ground state of 
the even-oven core as shown by de Shalit.^ Here we provide 
another test for the core-excitation model if two members 
of the multiplet are populated in the p decay from the 
same parent nuclear state. 




The members of the multiplet are of wave functions 
[Oq D with 3 ^ taking different values for different 

states and the parent nuclear state is described by 
wave function. 

The square of the transition matrix element 

I <1,1 qif,) (7.1) 

il'h = = 


Taking 



[mT 


(2j,+l) 


3_ ' 321 9 321^ 


^ I < 3 fir ^ lop 


i N 1 2 
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(7.2) 


Applying Wigtier-Eckart theorem 


I <df] 9 I -1^ 


> 3j_ 

|-m^ [i m.? 
' -L ^ li 


<Df u n 


> '1 


(7.3) 


Thus 
f M !' 


(2d,+1) 


r , 


i m — rrr j-nif M- m , 


1 ' i_ 

f f 1 1 Di> 


X 


(7.4) 


As mentioned earlier 


1 jf> = I Dq D 

and I 3^ = \ V Di> 


So r < 3 f 


f ji> 


<3c 3 3f r[ r, l[3;. 3' 3i> 


(2j^+l)(2X + l)( 23 j,+l) 


(3c 3 3/'| 

hi D ’ y \ 




X 


V 


^1 >2 .) 


( <-3,Lf niii3i>r2r<'3ii r;i2i[3'> ( 7 . 5 ) 


. n1 2 


Thus , 1 M 1 


2 


1 


( 2 3 •? + 1 ) 


^ ^i, 

> (-) ^ 




( y ^ h ' 

( 23 ^+l )(2 A+ l)(2j.+l) r 

>2^ >2 ^ * 






(7.6) 



132 


If two members of the multiplet are populated by the same 
type of interaction resulting in same and ^ both 
the transitions j then the ratio of ft values for the fina"! 
states 1 and 2 is given by 


(ft)p 

TftTJ 


2 

1 _ 

2 T237Ty 

r\ ^ 


IM]^ _ ^2Di+1) 
IM " 


c 3 

I ' H I n i 


D' 3' 3 


i\ 


(3c 3 32] 

3; r ^4 

1>1 ^ 2^7 


(7.7) 


and is independent of the actual values of the matrix 
elements. The conditions under which this relation is 
satisfied are; 

(i) The two final states are of same configuration, 
i.e., a core coupled to a particle (hole) of a 
3 value resulting in the members of the multiplet. 


(ii) The two members being considered should be populated 
by the same kind of interaction, i.e., the transition 
is either pure Fermi or Gamow-Teller transition. 
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CHAPTER YIII 

STUEY OF A1(p,y) RESOHANCE EEOAYS 


VIII. 1 Introduction 

The measurements described in this Chapter were 
performed with a 2 M Van de Graaff accelerator procured 
from High Voltage Engineering Corporation, U.sa. It is 
a horizontal machine with a radio frequency ion-source. 

Since this was the first experiment on this newly installed 
machine, it was necessary to do various preliminary tests 
to check the feasibility of such experiments under the 
present conditions. 

The accelerator voltage is presently measured with 
a digital voltmeter using the signal from the generating 
voltmeter provided in the machine. At present, there is 
no' switching and stabilizing magnet and thus better energy 
definition is not possible. In the absence of these stabi- 
lizing units, the machine voltage is found to be stable 
within + 2 KV over periods of a few hours. Sufficiently 
large proton beam currents are available with a beam spot 
size of the order of 5 nun diameter at a distance of 6 meters 
from the tank base. A large number of diverse measurements 
were made to test the quality of the beam and the ones 
relevant to this experiment are described below: 
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a) StalDility and reproducibility of the beam 

b) Energy resolution of the beam 

c) Calibration cum linearity checks. 

VIII » 2 Stab ility etc, of the Proton Beam 

The e3jperimental layout is shown in Fig. S.l. The 
collimator system described in Chapter 2, was used with slits 
of diameters 2 cm and 1 cm. This was followed by the target 
holder, also described in Chapter 2. A proportional 

counter was used for neutron detection and a 12.5 x 12.5 cm 
Wal(Tl) scintillation detector was used for gamma yield 
moasuremontij. 

4 

A sensitive test for estimating the stability of the 
beam energy is from the measurement of the yield of a reaction 
threshold spectrum. When we measure the yield from such a 
reaction for a fixed beam charge, with the high voltage fixed 
to correspond to the middle portion of the steep rising part 
of the threshold spectrum, the factors that affect the 
change of yield are : (a) fluctuations in the beam energy 
value, (b) riuctuations in the concentrations of atomic and 
molecular beam components, and (c) target deterioration 
effects. Of those, the effect of target deterioration 
easy to estimate as it would result only in the 
decrease in tho yield as a function of time, whereas 
other two effects appear as the fluctuations over a mean 
value of tho yield. In our erperlmeut, me yield of ueutrems 
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3 3 

from H (p,n) He reaction was measured. A thick target 
was used and it was found to withstand beam currents of 
10 ^xA for several hours without appreciable deterioration. 

It was, therefore, assumed that the change of yield due 
to the target deterioration during the present experiment gi 
period was negligibly small. Prom the experimental data, 
the fluctuations in countrate were found to correspond to 
a max Lmum of nh 2 keV fluctuation in the mean particle beam 
energy. It results in the upper limit of + 2 keV fluctua- 
tions for the particle beam energy at 1 MeV. 

Another important feature is a test of reproducibility 
of the beam energy, i.c., to what accuracy one can reproduce 
the same energy at different times. This aspect was tested 
by locating the 992 keV resonance of 'A1 (p,y) Si reaction 
thrice, each measurement being made after 10 hours of the 
earlier measurement. The yield curves recroded on the three 
occasions are shown in Pig. 8.2. The curves 2 and 3 were 
measured on the same day when the machine had been conti- 
nuously operating and the curve 1 was recorded on a different 
day. The difference in the yields of the curves was, due 
to the different amounts of charge collected. The figure 
shows that the resonance energy can be reproduced to within 
+ 1 keV. 

A knowledge of the beam energy spread is essential 
to estimate the minimum separation needed between two 
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neighlD ouri ng rosonaiices for 'th.eni fo b© resolved wil;]! the 
present system. An attempt was, therefore, made to estimate 
the beam energy resolution. To this end, the width of the 
narrow resonance at proton energy = 992 keV in ^^Al(p y) 
^®Si reaction was measured using a target of 2 keV thickness 
for 1 MeV protons. Erom the experiment, the beam spread was 
found to bo of the order of 6 keV, the contributions due to 
the finite target thickness and natural width of the resomnee 
having been taken into account. 

The knowledge of the energy of a charged particle 
beam from an accelorafcor is necessary in the measurement of 
nacloar reaction Q values or in the measurement of the 
energies of excited nuclear states from the resonance 
reactions. The energies of several resonance and threshold 
reactions have been determined by absolute measurements 

such as by electrostatic and magnetic deflection methods. 

1 

Marion has examined the data from different measurements 
and arrived at adopted values. The measurement of these 
resonance an.d threshold reactions serve as the energy cali- 
bration of the accelerator. In the calibration of the 
present accelerator, the 992 , 1381, 1388 and 1588 keV 
resonances in ^'^AICpiY) ^^Si and the 872 keV resonance in 
(p,aY)^^0 reactions and also the yield of the threshold 
reaction (p,n) %e reaction were used. As the beam 
energy spread is 6 keV the resonance energies known even 
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to an accuracy of about 1 keV, ooula be used for calibration. 

The rGS0iicXnc6S at 1381 y 1388 and 1588 ke? in ^'^Al(p y) 

W6XG y til 01 ? done y XL sod in tliB pnosont 6xp gp iTn pnt 

Neutron threshold experiment was done with a tritium 
target. The total yield of the neutroiB (I) emittedy ^en a 
target of finite thickness is employedy is given hy 

T oC (6E)5/2 (TIII.l) 

whoro 6E io the homtarding energy above the threshold value. 
The threshold is determined by extrapolation to zero yield 
in the plot o.f Y against the bombarding beam energy value. 
The neutron yield is measured as a function of the bombarding 
proton energy. (licld)^/^ is plotted against the digital 
voltmeter reading. Threshold value is obtained by extra- 
polating to the zero yield. The curve is shown in Pig. 8.3. 

The resonances in aluminium were located by using an 
aluminium target of 2 keV thickness for 1 MeV protons. The 
12.5 X 12.5 cm Nal (Tl) detector was employed for the detec- 
tion of gamma rays. The yield of the gamma radiation 
(E^> 1 MeV) was measured as a function of the accelerator 
voltage as read on the digital voltmeter. The resonances 

were located and the corresponding digital voltmeter 

19-n/ 

readings wore noted. The 872 keV resonance in P(p,uyJ 0 
reaction was also observed in the same yield q)ectrum, due 
to the fluorine contamination, which generally occurs. The 
yield curve of these resonances is showa in Pig. 8.4. 
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The results of the above reaction measuraaents are 
summarized in the calibration plot shown in Fig. 8.5, where 
the recommended energies of the reactions are plotted against 
the digital voltmeter readings. The above tests indicate 
that the decay studies of resonances separated from the 
neighbouring ones, by about 6 keV are feasible. 

VIII. 3 Study of the Gramma Decay of 992 and 1261 keV 

27 ^ — 58 

Resonances in A1 (p,y) Si Reaction 

The resonances in Si have been the subject of many 

investigations. G-ibson et ^ studied the gamma decay of 

a few resonances in 1.2-2. 4 MeV proton energy region with 

a 20 c.c. 6-e(Li) detector to determine the gamma energies. 

4 5 

Recently, Meyer ^ al . ’ studied the gamma decay of 

resonances up to 2 MeV proton energy. However, the results 

of Meyer et differ from the results of Gibson et al . 

and that of earlier workers. For example, the 10.27 MeV 

2 3 

level reported by Ophel and Osgood and Azuma et al. in 
the decay of 992 keV resonance was not observed by Meyer 
et al . Further, about 57% decays of 9.42 MeV and 21% 
decays of 7.93 MeV levels, populated in the decay of 992 
keV resonance, were also not identified. Besides, the 
levels at 11.08, 10.91, 7.9 and 6.89 MeV energies, reported 
by Gibson et to have been populated in the decay of 
1261 keV resonance, were not observed by Meyer ^ al. 

It may be pointed that the results obtained in these 
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measurements were only from singles spectra with Ge(li) 
detector. Earlier measurements of sum- coincidence spectra 
at these resonances were hy Antoufiev et al. ' 'Hiey measured 
spectra with gates at 10.76 and 11.02 MeV respectively for 
992 and 1261 keV resonances. However, their measurements 
were not aimed at these discrepancies. The present investi- 
gation was undertaken to measure Ge(li) spectra as well as 
sum-coincidence spectra at these resonances to get better 
idea of the genetic relations of the gamma transitions. 

¥e present here only those results which help in resolving 
the above mentioned discrepancies. 

The first stage of the study was the measurement of 
excitation function. An aluminium target of 2 keY thickness 
for 1 Me? protons was used for this purpose. The target 
holding systems are described in Chapter II. The target 
was cooled by running water. A proton beam current of 2 pA 
was used in the measurement. The gamma yield, for E^> 1 MeY , 
was measured as a function of proton energy. The excitation 
function, thus obtained, is shown in Pig. 8.6. 

An aluminium target of 15 keY thickaess for 1 MeY 
protons was used for the gamma decay study of 992 and 1261 
keY resonances. Proton beam currents of 7 jiA and 15 pA were 
used for Ge(li) spectra and coincidence measurements respec- 
tively. The 12.5 X 12.5 cm Nal(Tl) detector’, kept at an 
angle of 90° with respect to the proton beam was used as 
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the monitor counter to account for the target deterioration. 

No appreciable target deterioration was observed over periods 
of 24 hours. 

The Ge(Li) detector of 4*2 c.c. effective volume was 
used in the measurement of singles spectra. The sum-coinci- 
dence spectrometer, described earlier, was used for 
coincidence measurements. 

VIII. 4 gamma Decay of 992 keV Resonance 

The singles i^ectra were recorded using the Ge(Li) 
detector. First, the spectrum was measured in 0-12 MeV 
gamma energy range to cover the entire region of interest. 
Another expanded spectrum of 1-3 MeV was also recorded to 
achieve precise energy values. The spectra are ^own in 
Figs. 8.7(a), 8.7(b) and 8.8. In the second stage, sum- 
coincidence spectra with gates at 10.76 MeV and 6.28 MeV 
were recorded to study the double cascades in 12.54 — 1.78 
and 12.54 — 6.26 MeV decays. The two spectra are shown in 
Figs. 8.9 and 8.10 and the results are summarized in Table 8.1. 

An inherent difficulty exists in the detection of 
10.27 MeV gamma ray, because its photopeak falls imder the 
intense first escape peak of 10.76 MeV gamua ray arising 
due to 12.54 — > 1.78 MeV transition. Similarly, the first 
escape peak of 10.27 MeV gamma ray falls under the second 
escape peak of 10.78 MeV gamma ray. In our spectrum, there 
is an indication of the second escape peak of 10-27 MeV 
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Table 8.1 . Summary of sxim-coincidence Measarements at 

the Resonance for E„ = 992 keV 


Energy gate 
(MeV) 


^ interpretation 

1*7 

1. 1.78, 8.98 compt 12.54 1.78 

2. 2.3 , 8.46 12.54 - 10.27, compt. 1 

3. 2.84, 7-92 12.54 4.62 1.73 

4. 3 . 88 , 6.88 • compt 12.54-2^^^ 6.88, 6.8. 

5. 4-61, 6.15 12.54 7.95 —2^ 1.78 

6. 4.74, 6.02 12.54 7.8 1.78 

7 . 5 . 66 , 5.1 12.54 6.88 ^^^ 1.78 


10.76 1 . 1 . 78 , 8.98 
2. 2.3 , 8.46 


4. 3 . 88 , 6.88 

5. 4-61, 6.15 

6. 4.74, 6.02 

7. 5.66, 5.1 


6.28 1. 4.5 , 1.78 

2. 2.21, 3.99 

3 . 2.47, 3.83 


4 . 2.84, 3.44 


6.28 1.78 —7 ' % . 0 

12.54 - 10.27 6 . 2 ? 

10.27 7 . 8 , 

compt 7.8 1.78 

compt 9.42 4 . 62 , 

2.84^ 


4.62 


1.78 



15 ^ 


gamma ray. An attempt was made to detect 2.27 MeV gamma 
ray wliicli must be occurring due to 12.54 10.27 HeV 

transition. There is an indication of the 2.27 MeV gamma 
ray in the spectrum of 1-3 MeV energy range. 

Besides the singles spectra, the sum-coincidence 
spectra also provide evidence for the existence of 10.27 
MeV level. The spectrum with gate at 10.76 MeV shows a 
pair of peaks with energies 2.3 and 8.4 MeV, vdiich can 
only be understood as due to the 2.27 MeV gamm ray arisin, 
from 12.54 — ^ 10.27, getting summed with the compton of 
10.27 MeV gamma ray. The spectrum with gate at 6.28 MeV 
also offers evidence for this level. Two pairs of peaks 
at energies 2.3, 4.0 and 2.5, 3*8 MeV were observed. The 
pair of 2.3 and 4.0 MeV can be explained as due to 
12.54 — ^ 10.27 — ^ 6.28 MeV mode of decay. The other pair 
is explained as due to 2.47 MeV gamma ray from 10.27 — > 7 -i 
MeV transition, summing with the compton of 6.02 MeV gamms 
ray arising from 7.8 — ^ 1.78 MeV transition. The gamma raj 
of energies 2.47 and 3*99 MeV were observed in Ge(Li) ^eci 
also, thus confirming the 10.27 — ^ 7.8 MeV and 10.27 — ^ 

MeV decay modes. ¥e, therefore, conclude that 10.27 MeV 
level exists and it populates 6.23 and 7.8 MeV levels, in 
addition to having a crossover mode of decay. 

In singles spectra, two gamma rays of energies 1.05 
and 1.65 MeV are observed, which are most probably due to 
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7.93 — ^ 6.88 MeT and 7-93 — ^ 6.28 MeY transitions. Eie 
decay scheme incorporating the present results is shown 
in Fig. 8.11. 

7111.5 Q-amma Decay of 1261 ke Y Resonance 

In this case also, first a G-e(Li) spectmm was 
recorded upto 12 MeY energy to cover the entire region 
of interest. The spectmm is shown in Figs. 8.12(a) and 
8.12(h). Two sum- CO incidence spectra were recorded with 
gates at 11.02 and 8.1 MeY to observe the double cascades 
in 12.8 ^ 1.78 and 12.8 — ^ 4.62 MeY decays. The two 

spectra are shown in Figs. 8.13 and 8.14 and the results 
are summarized in Table 8.2. 

It was not possible to resolve the discrepancies 
from singles spectra. However, the sum— coincidence spec- 
trum with gate at 11.02 MeY showed a pair of peaks at 3.1 
and 7.9 MeY, ■vAiich can be explained as the compton of 4.9 
MeY gamma ray arising from the 12.8 — ^ 7*9 MeY decay, sum- 
ming with the 7.9 MeY gamma ray. Thus, this spectrum 
provides an indication for the population of 7*9 MeY level. 
The decay scheme, including the level at 7.9 MeY, is shown 
in Fig. 8,15. 

YIII.6 Summary 

The results of the studies at 992 and 1261 keY 
resonances are summarized below; 
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FIG. 8.12a Ge(Li) SPECTRUM OF Ep =1261 KeV RESONANCE IN O'A MeV GAMMA 
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FIG.8.12b Ge(U) SPECTRUM OF Ep =1261 KeV RESONANCE IN 4-11 
ENERGY RANGE 
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FIG. 8.14 SUM- COINCIDENCE SPECTRUM WITH GATE AT 8.1 MeV FOR 
Ep=1261KeV RESONANCE IN ^^Al (p,y )^®Si REACTION 
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Table 8-2 . Summaiy of Sum- coincidence Measurements at 


the Resonance for E = 1261 keV 
R 


Energy gat# 
(MeV) 


Pairs of peaks 
Observed 


Interpre tati on 


8.1 


11.02 


1. 

1.8, 

-6.3 

compt 12.8 1.78, 1.78 0 

2. 

2.3, 

5.9 

12.8 — ^ 6.88 — >4.62 

3. 

2.84 

, 5.3 

compt 12. 8 —> 4. 62 , 4.62— >1.78 

4. 

3.1, 

5.0 

compt 12.8 — > 6.88, 6.88 — >'1.78 

5. 

3.4, 

4.8 

12.8 — > 9.42 — >4.62 

6. 

3.7, 

4.4 

compt 12.8 — > 6.28, 6.28 — >1.78 

1. 

1.8, 

9.2 

compt 12.8 —> 1 . 78 , 1.78 — > 0 

2o 

2.8, 

8.2 

12.8 — ^ 4.62 ”•*> 1.78 

3. 

3.3, 

7.6 

12.8 9.32 1.78 

12.8 9.38 1.78 

12.8 — > 9.42 -> 1.78 

4. 

3.7, 

7.4 

compt 12.8 — > 7 . 4 , 7.4 0 

5o 

4.4, 

6.6 

12.8 — > 8.4 1.78 

6. 

5.1, 

5.9 

12.8 6.88 1,78 

7. 

7.9, 

3.1 

compt 12.8 — > 7.9, 7.9 0 



FIG. 8.15 DECAY SCHEME OF RESONANT CAPTURING 
STATE IN Al(p,Y) Si AT Ep = 1261 KeV 
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(i) Tile population of 10.27 MeV level in the 992 EeY 

resonance decay is confirmed from the singles as 
well as sum-coincidence measurements. 

(ii) The results indicate that the 10.27 Me? level 
populates 7.8 and 6.28 MeV levels and also the 
ground state in its deexcitation process. 

(iii) The 7.93 MeV level, in its deexcitation, populates 
6.88 and 6.28 MeV levels also, besides the estab- 
lished ground state population. 

(iv) The results of the experiments at 1261 keV resonance 
are in fair agreement with the measurements of Meyer 
et el . except for an indication that 7*9 MeV level 
is also populated in this resonance decay. 
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